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Abstract 
To accommodate the increasing demand for consumer plastic products 
with higher quality and the industry’s desire for injection molding processes 
with higher production rate, metal 3D printing technologies have been 
introduced into the injection molding industry to fabricate cooling channels 
which can be placed more conformal to the working surface of the injection 
mold. These channels are referred to as conformal cooling channels. Since the 
manufacturing cost of mold-inserts with conformal cooling channels are 
higher than those with conventional cooling channels, it is necessary to 
confirm the advantage of using conformal cooling channels rather than 
conventional cooling channels. In this thesis, CFD simulations are used to 
compare the performances of a conventional cooling system and a conformal 
cooling system. The conformal cooling system is shown to have better cooling 
performance while not consuming more pumping power. Since the injection 
mold cooling system design is highly dependent on the geometry of the 
molded plastic part, it is difficult to construct general design guidelines for all 
conformal cooling channels. Therefore, commonly used conformal cooling 
systems that consist of U-shape bends are studied in this thesis. The 
influences of three geometrical design parameters, namely configuration of 
the U-shape bends, cooling channel depth from the heating surface and 
number of cooling channels, on the cooling performance are examined in a 
parametric study. 
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Chapter 1  
Introduction 
Thermal plastic injection molding is one of the most efficient and 
popular manufacturing methods for consumer plastic products due to its 
capability of producing plastic parts with complex geometries and tight 
tolerances. Importantly, injection molding also provides a high degree of 
consistency among parts through long production runs. The injection molding 
process requires a hot molten polymer to be injected into a cavity inside a 
mold, in which the molten polymer is cooled and solidified. Once the 
temperature of the plastic has fallen to a certain threshold level the part is 
ejected from the mold. The molder, i.e., the company who uses the injection 
mold to manufacture the plastic products, needs to collaborate with a mold 
maker to design, manufacture and test run the corresponding injection mold 
before any parts can be manufactured. As a result, the initial investment in 
plastic injection molding is huge. Therefore, to reduce manufacturing costs of 
an injection mold and meet the requirements of the production rate and 
product quality, it is crucial to predict the performance of the injection mold 
in advance.  
Injection molding is a cyclic manufacturing process. A complete 
molding cycle consists of six major phases: mold closing, filling, packing, 
cooling, mold opening and part ejection. A typical molding cycle [1] is 
illustrated in Fig. 1.1, which indicates that the cooling phase accounts for 
2 
 
nearly half of a complete molding cycle. In fact, depending on the geometry of 
the molded part and the design of the cooling system, the cooling phase can 
take up to 80% of a complete molding cycle [2]. Obviously, reduction of the 
cooling time can significantly reduce the cycle time, thereby increasing the 
production rate. The cooling system also has an impact on the temperature 
distribution of the part when it is ejected from the mold. A poorly designed 
cooling system will lead to common cooling related defects of the molded 
parts, such as sink marks and thermal residual stress. Also, since 
approximately 5% of part shrinkage takes place after the part is ejected [3], 
parts that are ejected before being sufficiently cooled may exhibit warpage. 
Thus, it is clear that improving the design of the cooling system can enhance 
the overall performance of injection molds. Yet, the cooling system remains 
one of the most under-engineered systems in injection molds [4]. The 
probable reason for this lack of attention is that the configuration of the 
conventional cooling systems is severely restricted by the traditional method 
of creating cooling channels – gun-drilling, and the subsequent conflict 
between the arrangement of the cooling system and other components in the 
mold, such as ejector pins and support pillars. However, with the increasing 
demand for higher quality and increased complexity of injection molded 
plastic products and higher production rate for the molding process, 
improvement and optimization of the cooling system of injection molds has 
become a focus of researchers and mold designers. Hence, the investigations 
carried out in this study focus on a non-conventional cooling system, known 
as conformal cooling, and its potential for improving the performance of 
injection molds. Simple schematics of a conventional and a conformal cooling 
system are shown in Fig. 1.2. 
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Figure 1.1: Typical molding cycle and cycle time in injection molding [1] 
 
Figure 1.2: Simple schematics of a conventional and a conformal cooling 
system (reprinted from Sachs et al., 2016 [5]) 
The cooling of injection molds is carried out by internal cooling 
channels within the molds. In terms of manufacturing methods, there are two 
types of cooling channels. One is the conventional (or traditional) cooling 
channel which is manufactured by gun-drilling and routed by baffles, 
bubblers, cooling plugs, etc. The design of such conventional cooling channels 
is still largely based on the known design principles and designers’ personal 
experience and is also influenced by the available machining methods. On the 
other hand, there is the relatively new concept of conformal cooling channels 
Straight 
cooling 
system 
Conformal 
cooling 
system 
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which are fabricated by 3D printing technologies such as stereolithography 
[6], fused deposition modeling [7] and selective laser sintering [8]. With the 
introduction of metal 3D printing technologies, cooling channels can be 
designed and manufactured to be more conformal to the working surface from 
which the heat needs to be removed. This technology offers mold designers a 
significant degree of freedom in designing new cooling systems. The industry 
is looking for optimal cooling channel designs that can fully unleash the 
advantage of conformal cooling channels and lead to a shorter processing 
time and more uniform cooling [5].  
Computational Fluid Dynamics (CFD) can be used to analyze a 
number of different designs and conduct parametric studies to test the 
significance of different design parameters. Therefore, a series of simulations 
have been conducted in order to acquire a more complete understanding of 
the key parameters that affect the cooling performance. Furthermore, to 
ensure that the design meets expected performance, the accurate prediction 
of heat transfer characteristics at the solid-fluid interface is of great 
importance.  
In view of the above remarks, the motivations of the current research 
are: 1) to identify and determine the influence of important parameters on 
simulating internal cooling applications, 2) to analyze the potential of 
conformal cooling channels over conventional cooling channels and 3) to 
develop general suggestions for the design of conformal cooling channels with 
U-shape bends. 
In the first stage of this numerical investigation, the simulation in a 
simple geometry is conducted to validate the numerical models and 
simulation setup, and to identify the parameters that have a significant effect 
on the modelling of heat transfer in complicated conformal cooling channels. 
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Figure 1.3: Plastic fog lamp cover 
In an injection mold, two mold inserts, referred to as the core-side and 
cavity-side, form a cavity to produce the plastic part. Conformal cooling 
channels have the potential to be placed more aligned to the working surface 
of the mold (cavity wall) and remove the heat faster and more uniformly. This 
is especially true in the core-side of the mold, because the cooling of the core-
side is hard to render with conventional manufacturing methods. Therefore, 
in the second stage of this study, one specific core-side mold-insert, which is 
used to produce the plastic fog lamp cover showed in Fig. 1.3 is used to 
compare the cooling performance of conventional cooling channels and 
conformal cooling channels. CAD models of the conventional cooling channel 
and the conformal cooling channel were provided by Proper Group 
International. 
The design of the cooling system of an injection mold requires a 
number of considerations, such as coolant quality, pressure drop, available 
pumping power, displacement of the sprue-runner-gate system and ejection 
system. Aside from these factors, we focus attention on the three-dimensional 
configurations of the cooling channels in this study.  
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Since the design of an injection mold cooling system is highly 
dependent on the geometry of the molded part, a general design scheme is 
subsequently hard to pursue. This also explains why conformal cooling 
channels are highly effective in some applications and are usually easier to 
manufacture but are not universally the best option. For example, for plate-
shaped plastic parts, a conventional cooling channel is quite efficient and is 
cheaper to manufacture and maintain. Therefore, in the third part of this 
research, instead of going after a general design method for all injection 
molds, a simplified core-side mold-insert which represents injection molds 
that are used to produce plastic products which have a deep concave 
geometry is constructed using CATIA v5 package. Traditionally, baffles or 
bubblers are employed in conventionally drilled straight cooling channels for 
this type of plastic part. The newly introduced conformal cooling channels 
have the potential to be uniformly placed in these regions. Specifically, the 
cooling performance of conformal cooling channels with U-shaped bends and 
its influencing factors are studied in this part of the research. 
Computational Fluid Dynamics (CFD) is utilized in this study to 
simulate the turbulent coolant flow in the cooling channel and the conjugate 
heat transfer within the mold. The commercial CFD code Star-CCM+ v11.06 
is used to set up the meshes in the computational domain and to define the 
physics at the boundaries and in different regions. Since the overall cooling 
performance is of interest in this study, steady state simulations are 
employed. For these simulations, it is assumed that the working surface is 
constantly being heated and the cooling system reaches an equilibrium state. 
This thesis consists of six chapters. In chapter 2, the literature about 
conformal cooling channel design and analysis is reviewed along with a 
discussion of turbulence modelling methodologies. The validation of the 
numerical model utilized in this study is discussed in the third chapter. In 
chapter 4, the cooling performances of a conventional cooling system and a 
conformal cooling system for one specific mold insert, which is used to 
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produce the plastic fog lamp shown in Fig 1.3, are compared in light of 
numerical results. To obtain general suggestions for future designs of 
conformal cooling channels, a parametric study utilizing a simplified CAD 
model is discussed in chapter 5. Finally, conclusions are drawn in the sixth 
chapter. 
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Chapter 2  
Literature Review 
With the increasing consumer demand for higher quality plastic 
products and the injection molding industries demand for higher production 
rates, many researchers and mold designers have been investigating the 
performance of the cooling system in injection molds. As demonstrated in Fig. 
1.1, a well-designed cooling system has great potential to improve the overall 
performance of injection molds and the molding process. Researchers are 
especially focused on conformal cooling channels which are rendered feasible 
by the growth of metal 3D printing technologies. In this chapter, previous 
studies of conformal cooling channels are reviewed and summarized. Also, 
due to the importance of conjugate heat transfer in internal cooling 
applications, methodologies for modelling the turbulent flow and heat 
transfer are reviewed as well, and four commonly used turbulence models are 
summarized at the end of the chapter.  
2.1 Previous Studies 
The potential benefit of conformal cooling channels on improving the 
performance of injection molds was first reported by Sachs et al. [5]. A 
comparison was made between a 3D printed conformal cooling channel and a 
straight drilled conventional cooling channel for an injection mold which is 
used to produce a split-ring-shape plastic part. The temperature in three 
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locations in the mold and the dimensions of the molded parts were measured. 
Both experimental and numerical methods were used, and good agreement 
was found between the experimental and numerical results. The research 
concluded that conformal cooling channels can provide superior temperature 
control within the molding cavity, less elevation of mold temperature as the 
molding runs start, lower magnitude of transient temperature changes 
within an individual molding cycle and better molded part quality compared 
to molding inserts with straight-drilled cooling channels. A criterion for a 
cooling system to be considered as conformal was also derived based on the 
transient cooling behaviour at the beginning of the molding runs. Xu et al. [9] 
further provided a modular design methodology of conformal cooling channels 
by decomposing the complex mold working surface into manageable cooling 
zones. This modular design approach was then coupled with the geometrical 
design window confined by six design rules to generate conformal cooling 
channels for cavity with complex geometries. The six design rules used by Xu 
et al. [9] are the requirement of conformal cooling (i.e., the mold temperature 
reaches steady state within the first molding cycle), the requirement of 
pressure drop, coolant temperature uniformity, sufficient part cooling, 
uniform cooling and the requirement of mold strength and deflection. Xu and 
Sachs [10] also reported a study on the performance of a conformal cooling 
channel in thermal control for mold heating purposes, thereby extending the 
advantage of conformal cooling channels to rapid thermal cycling.   
A number of other researchers have also reported comparison studies 
between conventional cooling channels and conformal cooling channels, or 
between different conformal cooling channel designs, using different 
numerical methodologies and different commercial packages. Marquez et al. 
[11] reported a numerical study on two different conformal cooling channel 
configurations, namely parallel and series routing, for the mold insert which 
is used to produce a plastic tray holder for eggs. The commercial code 
Moldflow was used. Hsu et al. [12] provided comparison studies between 
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conventional and conformal cooling channels for a mold insert which is used 
to produce a plastic cover of a hand tool, using Moldex3D. The same research 
group also conducted a similar study [13] on a mold insert which is used to 
produce a plastic camera cover. Moldex3D was also used in this study and 
turbulence of the coolant flow and the effect of surface roughness of the 
cooling channel walls were also considered. All of these comparison studies 
concluded that the conformal cooling channel has the potential to provide 
superior cooling performance against conventionally straight drilled cooling 
channels. 
Agazzi et al. [14] suggested a new design approach for conformal 
cooling channels based on morphological surfaces. The shape of the channel 
cross-section is no longer limited to circular in this type of design approach. 
However, this approach may generate other problems, in particular the 
structural integrity of the large cooling cavity could be compromised by such 
a design. 
The research group at Indiana University - Purdue University has 
conducted a series of numerical studies on optimizing a spiral cooling channel 
for the mold inserts which are used to produce a bottle cap shaped plastic 
part by utilizing ANSYS workbench [15–18]. Design parameters provided by 
Kazmer [4], namely channel diameter, depth of channel and pitch distance 
between channels, which were initially derived for the design of conventional 
cooling channels, were used to construct a parametric study to find the 
optimal combination of these parameters for spiral conformal cooling 
channels. Fauzun et al. [19] has also developed a formula to determine the 
size and position of spiral conformal cooling channels for a cylindrical shaped 
plastic part. 
Kurnia et al. [20] reported a study on comparing the cooling 
performance of different cooling channel designs for electronic chips using 
numerical simulations. Also, they developed Figure of Merit (FoM) parameter 
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which is essentially the heat withdrawn per unit pumping power. It is a good 
measurement of the overall performance of the cooling system. 
There are also studies on using conformal cooling channels in other 
industrial applications. Hu et al. [21] reported a numerical study which 
compared five internal cooling channel designs for hot stamping tools. The 
commercial code Star-CCM+ was used to model the turbulent coolant flow 
and conjugate heat transfer within the hot stamping tool. Four Reynolds 
number covering the range 4000 to 400,000 were tested. Six assessment 
criteria were used to compare the cooling performance between different 
cooling channel designs: maximum temperature, average temperature, 
temperature uniformity, pressure drop, maximum velocity in the channel and 
FoM. It was concluded that parallel longitudinal configurations provide the 
best cooling performance at high Reynolds numbers considering the six 
aforementioned assessment criteria. He et al. [22] further improved and 
optimized the conformal cooling channels with longitudinal configurations for 
a specific hot stamping tool insert.  Experiments with a single straight pipe 
heat exchanger have also been used by Hu et al. [21] to validate their 
numerical model and simulation set up for the numerical study of five 
conformal cooling channel designs. Ying et al. [23] used the results of the 
single straight pipe experiments to investigate the convection heat transfer 
coefficient of circular cross-sectional channels and the significances of its 
influencing factors, such as inlet flow mass flow rate, inlet flow temperature, 
inlet flow turbulent intensity, channel diameter, surface roughness and 
furnace temperature. 
Park and Dang [2] reported a numerical study on optimizing 
conventional cooling channels with arrays of baffles to achieve an equivalent 
conformal cooling effect. They also created a reciprocal algorithm by 
conjugating transient 1D simulations with steady 3D simulations to 
approximate the cyclic temperature behaviour of the injection mold. Heat 
transfer in the polymer material is treated as transient and solved by a 1D 
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finite difference method, while heat transfer in the mold is treated as cycle-
averaged steady state and solved by a 3D finite element method. 
The current study focuses on cooling channels for a type of injection 
mold with a deep concave core, and straight channels with U-shaped bends 
are utilized in the cooling channel configurations. Cvetkovski et al [24] 
studied and compared the individual effect of Dean number and Reynolds 
number on the cooling and heating performance of channels consisting of 
straight and U-shape bends for geothermal applications. Two Reynolds 
numbers (2000 and 5000) and three Dean numbers (1500, 1750 and 2000) 
were tested by DOE (Design of Experiment) with full factorial design. From 
their study they concluded that Reynolds number has a significant effect on 
the averaged heat flux through the channel wall of the entire cooling system. 
On the other hand, Dean number has greater effect on the cooling 
performance in the curved sections of the cooling channel.  
The previous studies on conformal cooling channels can be roughly 
classified into two types. One type of study is focused on comparing 
performances of different cooling system designs. Various analysis 
approaches from this type of research are adopted in this thesis to compare 
the performance of a conventional and a conformal cooling system. The other 
type of research aims to produce general design guidelines for new conformal 
cooling channels by using various methodologies. In the last part of this 
thesis, three geometrical design parameters for conformal cooling channels 
consisting of U-shape bends are chosen to conduct a parametric study to 
evaluate their significance on the cooling performance.  
2.2 Turbulence Modelling 
The numerical model of fluid flow and heat transfer is developed from 
the conservation laws of physics: conservation of mass, conservation of 
momentum (Newton’s second law) and conservation of energy (first law of 
thermodynamics) [25]. These fundamental laws are expressed as: 
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Conservation of mass: 
𝜕𝜌
𝜕𝑡
+ ∇ ∙ (𝜌?⃗? ) = 0 (2.1) 
Conservation of momentum: 
𝜕
𝜕𝑡
(𝜌?⃗? ) + ∇ ∙ (𝜌?⃗? ?⃗? ) = −∇𝑝 + ∇ ∙ ?̃? (2.2) 
Conservation of energy: 
𝜕
𝜕𝑡
(𝜌𝐸) + ∇ ∙ (𝜌𝐸?⃗? ) = −∇ ∙ (𝜌?⃗? ) + ∇(𝑘 𝑔𝑟𝑎𝑑 𝑇) + ∇(?⃗? ∙ 𝜏 ) (2.3) 
All variables in Eqns. (2.1) - (2.3) are defined in the Nomenclature. 
2.2.1 Reynolds-Averaged Navier-Stokes (RANS) Modelling 
To reduce the computational cost of turbulent flow simulations, the 
solutions of the exact Navier-Stokes equations are decomposed into time-
averaged and fluctuating components as following [26]: 
?⃗? = ?⃗? ̅ + ?⃗? ′ (2.4) 
𝜙 = ?̅? + 𝜙′ (2.5) 
where ?⃗?  represents velocity and 𝜙  represents scalar quantities like 
pressure, energy, species, etc. The overbar notation represents the time-
averaged component, and the prime symbol represents the fluctuating 
component. 
Substituting Eqns. (2.4) and (2.5) into the original continuity and 
momentum equations (2.1) and (2.2), the time-averaged continuity equation 
and momentum equation are obtained as: 
𝜕ρ
𝜕𝑡
+ ∇ ∙ (ρ?⃗̅? ) = 0 (2.6) 
𝜕
𝜕𝑡
(ρ?⃗̅? ) + ∇ ∙ (ρ?̅??⃗̅? )
= −∇ρ + 𝜇∇(𝑔𝑟𝑎𝑑 ?⃗̅? ) + [−
𝜕
𝜕𝑥
(ρ?⃗? ′𝑢′̅̅ ̅̅ ̅̅ ̅) −
𝜕
𝜕𝑦
(ρ?⃗? ′𝑣′̅̅ ̅̅ ̅̅ ̅) −
𝜕
𝜕𝑧
(ρ?⃗? ′𝑤′̅̅ ̅̅ ̅̅ ̅̅ )] (2.7)
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As mentioned previously, steady state simulations are utilized in the 
current study. Therefore, all the derivatives with respect to time become zero 
in the governing equations and following turbulence models.  
Many turbulence models have been formulated and used to capture the 
characteristics of turbulence in the flow. The three most commonly used 
approaches to simulate turbulent flows are Reynolds-Averaged Navier-Stokes 
(RANS) equations, Large-Eddy Simulations (LES) and Direct Numerical 
Simulations (DNS) [26]. Though LES and DNS models have gain popularity 
in the academic research community, RANS models are still popular in 
industry for its economy, robustness and reasonable accuracy in simulating a 
wide range of turbulent flows [27]. Four different turbulence models which 
are commonly used in RANS modeling are briefly described below.  
2.2.1.1 Standard k-ε Model 
The standard k-ε model is a semi-empirical two-equation RANS 
turbulence model which is represented by the transport equations for the 
turbulence kinetic energy (k) and its dissipation rate (ε) [28]: 
𝜕
𝜕𝑡
(𝜌𝑘) + ∇ ∙ (𝜌𝑘?⃗? ) = ∇ [(𝜇 +
𝜇𝑡
𝜎𝑘
) 𝑔𝑟𝑎𝑑 𝑘] + 𝐺𝑘 − 𝜌𝜀 (2.8) 
𝜕
𝜕𝑡
(𝜌𝜀) + ∇ ∙ (𝜌𝜀?⃗? ) = ∇ [(𝜇 +
𝜇𝑡
𝜎𝜀
)𝑔𝑟𝑎𝑑 𝜀] + 𝐶1𝜀
𝜀
𝑘
𝐺𝑘 − 𝐶2𝜀𝜌
𝜀2
𝑘
(2.9) 
in which the eddy viscosity (𝜇𝑡) and the production of turbulent kinetic 
energy (𝐺𝑘) are given by: 
𝜇𝑡 = 𝜌𝐶𝜇
𝑘2
𝜀
(2.10) 
𝐺𝑘 = −𝜌𝑢𝑖
,𝑢𝑗
,̅̅ ̅̅ ̅
𝜕𝑢𝑗
𝜕𝑢𝑖
(2.11) 
There are three dimensionless constants and two Prandtl numbers in 
the transport equations for the standard k-ε turbulence model. Their values 
are determined as follows, by considering a wide range of turbulent flows: 
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𝐶𝜇 = 0.09, 𝐶1𝜀 = 1.44, 𝐶2𝜀 = 1.92, 𝜎𝑘 = 1.0 and 𝜎𝜀 = 1.3. 
Fully developed flow was assumed in the derivation of the standard k-ε 
model, and the effects of molecular viscosity are neglected. Also, curvature is 
not accounted for since the model is based on flow over a flat plate. Therefore, 
the standard k-ε model is valid only for fully turbulent flows and is known to 
be sensitive in the near-wall region. 
2.2.1.2 Realizable k-ε Model 
The Realizable k-ε model is development from the standard k-ε model 
[29]. The standard k-ε model and Realizable k-ε model share the same 
transport equation for turbulent kinetic energy (k), but the latter one has a 
new transport equation for the dissipation rate (ε), which is derived from an 
exact equation for the transport of the mean-square vorticity fluctuation:  
𝜕
𝜕𝑡
(𝜌𝜀) + ∇ ∙ (𝜌𝜀?⃗? ) = ∇ ∙ [(𝜇 +
𝜇𝑡
𝜎𝜀
) 𝑔𝑟𝑎𝑑 𝜀] − 𝐶2𝜌
𝜀2
𝑘 + √𝜈𝜀
(2.12) 
The Realizable k-ε model has the same formulation for the turbulent 
viscosity as Eqn. (2.10), but the coefficient 𝐶𝜇  is not constant any more 
compared to the standard k-ε model, and it is expressed as: 
𝐶𝜇 =
1
𝐴0 + 𝐴𝑠
𝑘𝑈∗
𝜀
(2.13) 
where 
𝑈∗ = √𝑆𝑖𝑗𝑆𝑖𝑗 + Ω̃𝑖𝑗Ω̃𝑖𝑗 (2.14) 
and 
Ω̃𝑖𝑗 = Ω𝑖𝑗 − 2𝜀𝑖𝑗𝑘𝜔𝑘 (2.15) 
Ω𝑖𝑗 = Ω𝑖𝑗̅̅ ̅̅ − 𝜀𝑖𝑗𝑘𝜔𝑘 (2.16) 
The coefficients which are different from the standard k-ε model are 
𝐶2 = 1.9, 𝜎𝜀 = 1.2, 𝐴0 = 4.04, 𝐴𝑠 = √6𝑐𝑜𝑠𝜙  
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where 
𝜙 =
1
3
𝑐𝑜𝑠−1(√6𝑊),𝑊 =
𝑆𝑖𝑗𝑆𝑗𝑘𝑆𝑘𝑖
?̃?3
, ?̃? = √𝑆𝑖𝑗𝑆𝑖𝑗, 𝑆𝑖𝑗 =
1
2
(
𝜕𝑢𝑗
𝜕𝑥𝑖
+
𝜕𝑢𝑖
𝑥𝑗
) 
The Realizable k-ε is substantially better than the standard k-ε model 
for many applications. Furthermore, the Realizable Two-Layer k-ε model is a 
turbulence model offered by Star-CCM+ v10.06, it combines the Realizable k-
ε model with a two-layer approach. The coefficients in the model are identical 
with the Realizable k-ε model, but the model gains the added flexibility of an 
all y+ wall treatment [29]. 
2.2.1.3 Standard k-ω Model 
The standard k-ω model, also known as Wilcox’s k-ω model, is another 
empirical two-equation turbulence model based on model transport equations 
for the turbulent kinetic energy (k) and the specific dissipation rate (ω). The 
transport equations are as follows: 
𝜕
𝜕𝑡
(𝜌𝑘) + ∇ ∙ (𝜌𝑘?⃗? ) = ∇ ∙ [(𝜇 +
𝜇𝑡
𝜎𝑘
) 𝑔𝑟𝑎𝑑 𝑘] + 𝐺𝑘 − 𝛽
∗𝜌𝑘𝜔 (2.17) 
                    
𝜕
𝜕𝑡
(𝜌𝜔) + ∇ ∙ (𝜌𝜔?⃗? ) = ∇ ∙ [(𝜇 +
𝜇𝑡
𝜎𝜔
)𝑔𝑟𝑎𝑑 𝜔] + 𝛼
𝜔
𝑘
𝐺𝑘 − 𝛽1𝜌𝜔
2 (2.18) 
where the eddy viscosity (𝜇𝑡) is given by: 
𝜇𝑡 = 𝛼
∗
𝜌𝑘
𝜔
(2.19) 
in which the coefficient 𝛼∗ damps the turbulent viscosity causing a low-
Reynolds-number correction. The rate of production of turbulent kinetic 
energy (𝐺𝑘) is given by: 
𝐺𝑘 = −𝜌𝑢𝑖
,𝑢𝑗
,̅̅ ̅̅ ̅
𝜕𝑢𝑗
𝜕𝑢𝑖
(2.20) 
The empirical constants in the standard k-ω model are: 
𝜎𝑘 = 2.0, 𝜎𝜔 = 2.0, 𝛾1 = 0.553, 𝛽
∗ = 0.09 and 𝛽1 = 0.075 
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The standard k-ω turbulence model is known to be sensitive to the 
inlet freestream turbulence properties. 
2.2.1.4 Shear Stress Transport (SST) k-ω Model  
The SST k-ω model, also known as Menter’s k-ω model, has the same 
k-equation as in the standard k-ω model, but the ω-equation is transformed 
from an ε-equation by substituting 𝜀 = 𝑘𝜔. This yields [26]: 
𝜕
𝜕𝑡
(𝜌𝜔) + 𝛻 ∙ (𝜌𝜔?⃗? )
= 𝛻 ∙ [(𝜇 +
𝜇𝑡
𝜎𝜔,1
)𝑔𝑟𝑎𝑑 𝜔] (2.21)
+2(1 − 𝐹1)𝜌𝜎𝜔2
1
𝜔
𝑔𝑟𝑎𝑑𝑘(𝑔𝑟𝑎𝑑𝜔) + 𝛼
𝜔
𝑘
𝐺𝑘 − 𝛽𝜌𝜔
2
 
in which 𝐹1 is the blending function. The production term of turbulent 
kinetic energy (𝐺𝑘 ) is defined in the same manner as Eqn. (2.19) in the 
standard k-ω model. 
The revised model constants are: 
𝜎𝑘 = 1.0, 𝜎𝜔,1 = 2.0, 𝛽
∗ = 0.09 and 𝛽1 = 0.083 
This transformation effectively blends the freestream independence of 
the k-ε model in the freestream with the robust and accurate formulation of 
the k-ω model near the wall. SST k-ω model is selected in this study due to its 
ability of resolving turbulence flow with negative pressure gradient and flow 
separations.  
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Chapter 3  
Validation 
Due to the existence of unavoidable uncertainties in CFD modelling 
[26], a basic requirement for any CFD study is to conduct a rigorous process 
of validation to determine the level of confidence in the numerical results. 
The validation process is carried out by comparing the results of numerical 
simulation with experimental data. If the difference between the 
computational and experimental results of the target quantity is sufficiently 
small, the CFD model is considered to be validated. Once the numerical 
model has been validated, it will be used for a comparative study of the 
cooling performance of a conventional cooling channel and a conformal 
cooling channel for a specific mold core-insert for the fog lamp shown in Fig. 
1.3. Due to the high cost of the fabrication of inserts with conformal cooling 
channels, it is not feasible to manufacture the specific test insert used for this 
study. Therefore, the experimental data reported by Hu et al. [21] and Ying 
et al. [23] have been used for the validation of the numerical model utilized in 
this study. They examined the heat transfer mechanism along a single 
straight cooling pipe.  
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Figure 3.1: Geometry of the straight pipe heat exchanger and positions of the 
nine measuring points [21,23] 
Figure 3.1 shows a sketch of the heat exchanger used in the 
experiments [21]. The heat exchanger consists of a H13 steel cylinder block 
with a circular cross-section straight cooling channel running through the 
centre of it. The cylinder block has the length of 500 mm and the diameter of 
60 mm. The diameter of the cooling channel through the cylinder block is 10 
mm. The surface of the middle section (Heating section in Fig. 3.1) of the 
steel block is constantly heated by an electric resistance furnace which 
maintains the temperature at 600 ℃. Two steps (Lock sections in Fig. 3.1) are 
manufactured on the block to hold the steel block and fix its location in the 
electric furnace. Water, as the coolant, is supplied from one side of the 
channel at a temperature of 20 ℃ and at two different mass flow rates of 
0.124 kg/s and 0.225 kg/s. Temperature data from nine measuring points 
were collected after the readings became steady [21]. The data acquired from 
the experiments were used by Ying et al. [23] to evaluate the convective heat 
transfer coefficient of the straight cooling channel in both the hydrodynamic 
and thermal entrance regions and assess the influence of several key 
parameters, including inlet mass flow rate, inlet temperature, inlet 
turbulence intensity, channel diameter, channel wall surface roughness and 
furnace temperature. 
The k-ε turbulence model is widely adopted by industries to simulate 
turbulent flow because of its robustness and less computational cost. 
However, for the complex geometries associated with conformal cooling 
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channel applications, the heat transfer mechanism within the boundary layer 
needs to be well resolved due to its influence on the performance of the entire 
system. The k-ω turbulence model with a low Reynolds number correction can 
predict flow in such regions more accurately than a k-ε model. In the current 
study, the Shear Stress Transport (SST) k-ω turbulence model, a modified 
version of the standard k-ω turbulence model, is used to simulate the coolant 
flow and the convective heat transfer in the cooling channel. This study aims 
to establish the validity of the SST k-ω turbulence model for simulating 
turbulent flow in a circular cross-section channel with conjugate heat 
transfer. 
To accurately predict the cooling performance of internal cooling 
channels, it is critical to properly model the heat transfer mechanism near 
the solid-liquid interfaces. The effect of two important influencing factors are 
also studied during the validation process. First, two commonly used 
turbulence models, Realizable k-ε and SST k-ω models, are applied in the 
simulations and the numerical results are compared with experimental 
results to assess the performance of these models and confirm their validity 
on simulating internal cooling applications. Then two inlet flow conditions, 
namely uniform velocity inlet and fully developed velocity inlet, have been 
applied at the inlet boundary to compare their effect on the heat transfer. A 
mesh independence study also has been conducted to ensure the accuracy of 
the numerical results. 
3.1 Numerical Model Setup 
3.1.1 Computational Domain and Governing Equations 
The computational domain of the validation simulations is defined 
with the same dimensions of the test heat exchanger used in the experiments 
of Hu et al. [21]. It consists of three regions, namely air, water (fluid) and 
solid regions. The air region is created to simulate the thermal radiation and 
conduction in the air gap between the working surface of furnace and the 
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heated surface of the test pipe (see Fig. 3.1), which provides a heat source to 
the heating section of the test pipe. The effect of convective heat transfer is 
assumed negligible due to the small distance between the working surface of 
the furnace and the heated surface of the test pipe compared to the axial 
dimension of the air gap. Therefore, the main heat transfer models applied 
for the air region is surface-to-surface radiation and conductive heat transfer. 
The essence of the applications within a solid block with a cooling channel 
running through it is conjugate heat transfer. Conductive heat transfer is the 
main heat transfer mechanism in the solid region, governed by Fourier’s Law. 
For the fluid region, the Reynolds-Averaged Navier-Stokes (RANS) equations 
are solved to predict the turbulent flow inside the cooling channel, and 
convective heat transfer is considered as well through the energy equation. 
The SST k-ω model is of interest since the conformal cooling channels have 
complex geometries and the flow is turbulent with adverse pressure gradients 
and separations. The SST k-ω model will be compared with Realizable k-ε 
predictions of the performance for internal cooling applications. 
3.1.2 Boundary Conditions 
Air region:  
Due to the significant effect of thermal radiation in the air region, 
proper radiative properties are assigned based on the materials of the test 
pipe and furnace. The emissivity of the furnace working surface is taken as 
0.8 and the emissivity of the pipe surface is taken as 0.9. 
• Working surface of the furnace: The temperature of 600 ℃ is applied at 
the working surface of the furnace (the outer surface of the air gap) 
shown in Fig. 3.1 [21], i.e., 
o 𝑇𝐻𝑒𝑎𝑡𝑖𝑛𝑔 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 = 600 ℃ 
• Side walls: Side walls of the air region are assumed to be adiabatic due 
to their small size compared to the axial dimensions. According to Ying 
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et al. [23], the gap between the furnace heating surface and heated 
surface of the pipe is assumed to be 0.7 mm. Therefore, 
o ?̇?𝑤 = 0 , 𝑇𝑤 = 𝑐𝑜𝑚𝑝𝑢𝑡𝑒𝑑 
Solid region:  
• Extension sections: Both extension sections shown in Fig. 3.1 are 
exposed to the surrounding areas in the experiments [21], so 
environmental boundary conditions, which simulate the radiation and 
natural convective heat transfer between the exposed pipe surface and 
surrounding areas, are applied, i.e., 
o ?̇?𝑤 = ℎ∞(𝑇∞ − 𝑇𝑤) 
In this expression 𝑇∞ is ambient temperature, equal to 20 ℃, ℎ∞ 
is the external heat transfer coefficient, specified as 20 W/m2 ∙ K and 
the emissivity of the exposed surface is 0.1, as determined by Ying et 
al. [23]. Wall temperature 𝑇𝑤  and wall heat flux ?̇?𝑤  are computed 
during the simulation. 
• Lock sections: Both lock sections are assumed to be adiabatic because 
they are in contact with the insulation material of the furnace and are 
not directly heated by the working surface of the furnace, therefore 
o ?̇?𝑤 = 0 , 𝑇𝑤 = 𝑐𝑜𝑚𝑝𝑢𝑡𝑒𝑑 
Fluid region: 
• Inlet: Two mass flow rates, 0.124 kg/s and 0.225 kg/s, and two different 
inlet flow conditions, namely uniform velocity inlet (or mass flow inlet) 
and fully developed velocity inlet, are applied at the inlet boundary. 
Based on the channel diameter of 10 mm, the corresponding Reynolds 
number for the two mass flow rates of 0.124 kg/s and 0.225 kg/s are 
17739 and 32188, respectively. The fully developed velocity inlet is 
obtained from separate simulations with a channel of same diameter 
as the cooling channel in the test pipe, and a periodic interface created 
between inlet and outlet. The velocity, turbulence intensity and 
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turbulence viscosity ratio data of the fully developed flow are mapped 
at the inlet boundary of the validation simulations. The temperature at 
the inlet is specified as 20 ℃ for all simulations. 
o Uniform velocity inlet: 𝑉𝑖𝑛 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 
o Fully developed velocity inlet: 𝑉𝑖𝑛 = 𝑓(𝑣, 𝐼, 𝜇𝑡 𝜇⁄ , 𝑥, 𝑦, 𝑧) 
Here, 𝐼  represents turbulence intensity and 𝜇𝑡 𝜇⁄  is turbulence 
viscosity ratio. 
o 𝑇𝑖𝑛 = 20℃ 
• Outlet: With a split ratio of 1, flow split outlet is assigned to conserve 
the mass flow rate specified at the inlet, i.e., 
o ?̇?𝑜𝑢𝑡 = ?̇?𝑖𝑛 
Mapped contact interfaces between the air and solid regions and 
between the solid and fluid regions are created to properly transmit the data 
through the interfaces in between, which is critical for simulating the 
conjugate heat transfer problem. 
3.1.3 Physical Properties 
In the application of injection molding, the temperature of the coolant 
adjacent to the cooling channel wall can be much higher than that in the 
centre of the channel, mainly due to the high temperature of melt polymer. 
Thus, temperature dependent properties of water are represented as a 
polynomial or a field function of temperature and programmed into the 
software. Equations for relevant flow parameters are: 
The density of water [23] as a function of temperature is expressed as: 
𝜌𝑤 = 3.7 × 10
−7𝑇3 − 3 × 10−3𝑇2 + 1.4𝑇 + 838.46. (3.1) 
The dynamic viscosity of water [20] is related to temperature by 
𝜇𝑤 = 2.591 × 10
−5 × 10(
238.3
𝑇−143.2). (3.2) 
and the thermal conductivity of water [20] is given by 
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 𝑘𝑤 = −8.354 × 10
−6𝑇2 + 6.53 × 10−3𝑇 − 0.5981. (3.3) 
The specific heat capacity of water is considered as constant, taken as 
4180 𝐽/𝑘𝑔 ∙ 𝐾  at the temperature of 25 ℃  [30], due to its relatively small 
change over the temperature range of coolant in internal cooling applications.  
 Thermal properties of H13 steel which were used in the experiments 
[21,23] were determined by Ying et al. [23]. The density of H13 steel is taken 
as 𝜌𝑠 = 7900 𝑘𝑔/𝑚
3  and the specific heat capacity has a constant value of 
𝐶𝑝,𝑠 = 450 𝐽/𝑘𝑔 ∙ 𝐾. The thermal conductivity of H13 steel is represented by a 
polynomial of temperature: 
𝑘𝑠 = −3 × 10
−5𝑇2 + 5.7 × 10−3𝑇 + 42.624. (3.4) 
3.1.4 Mesh 
Polyhedral meshes can be constructed with contiguous meshing at 
interfaces with complex geometry, which provides more accurate data 
transmission through these interfaces than a non-contiguous mesh. Thereby, 
a polyhedral mesh is used to discretize all three regions in the validation 
simulations. The same base mesh size is applied for three regions for 
consistency, with the minimum and target size of the mesh adjusted to 
control the density of the mesh in different regions. A larger target mesh size 
is adopted for the solid region to reduce the number of cells in this region, 
thereby reduces the overall computing time. Because the heat transfer 
mechanism near the cooling channel wall is of great importance in this study, 
12 layers of prism cells are used to resolve the boundary layer along the 
cooling channel wall. 
A mesh independence study has been conducted to ensure that the 
numerical results are mesh independent. Three base sizes, 0.75 mm, 1 mm 
and 1.25 mm, as illustrated in Fig. 3.2, yielding cell counts of 1982456, 
1013269 and 622190 respectively, were tested. For a reduction of base size 
from 1 mm to 0.75 mm, it is found that the largest change of temperature at 
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the nine measuring points shown in Fig. 3.1 is only 1.7 % , while this 
difference is 2.4% while reducing the base mesh size from 1.25 to 1. 
Additional near-wall refinement was also tested using prism layer stretching 
factors of 1.3, 1.5 and 1.7, as shown in Fig. 3.3, tested along with base size of 
1 mm. A difference of only 1 % in the temperature was observed between 
stretching factors of 1.5 and 1.7. Therefore, the mesh with base size of 1 mm 
and stretching factor of 1.5, with a cell count of 1013269, was chosen to 
conduct the single straight pipe simulations for the purpose of validation of 
the numerical model used in this study. 
 
Figure 3.2: Meshes with different base cell sizes: (a) 0.75 mm, (b) 1 mm, (c) 
1.25 mm 
 
Figure 3.3: Effect of prism layer stretching factors: (a) 1.3, (b) 1.5, (c) 1.7 
3.2 Validation Results and Analyses 
First, the uniform velocity inlet is selected along with the two mass 
flow rates to compare the predictions from the two turbulence models, i.e., 
Realizable k-ε and SST k-ω models, on simulating the conjugate heat transfer 
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problem in a straight cooling channel. Figure 3.4 shows a comparison 
between the experimental temperature data of Hu et al. [21] and the 
numerical data using SST k-ω model and Realizable k-ε model. Results are 
shown at the centre of the channel, middle of the block (15 mm away from the 
centre of the channel) and at the surface of the block (30 mm away from the 
centre of the channel). 
Both turbulence models predict the same trend of temperature 
distribution along both the axial and radial directions. The SST k-ω model 
predicts a slightly lower temperature value than the Realizable k-ε model, 
but the difference become negligible at the higher inlet mass flow rate. At the 
mass flow rate of 0.124 kg/s, the SST k-ω model shows an average error of 9.4% 
over the nine measuring points against the experimental results, while, at 
the mass flow rate of 0.225 kg/s, the average error reduces to 6%. 
In terms of temperature prediction, Fig. 3.4 demonstrates that the SST 
k-ω and Realizable k-ε models have similar performance. Both models have 
the capability to accurately simulate the conjugate heat transfer process in 
injection molding tool insets, accurately predicting the temperature 
distribution inside the tool material and the turbulent flow inside the cooling 
channel. However, for conformal cooling channel applications, the accuracy of 
the SST k-ω model combined with its capability to resolve the boundary layer 
in flows with adverse pressure gradients and the recirculation due to flow 
separations at pipe elbows, suggests that it will have better performance 
than the Realizable k-ε turbulence model. Therefore, the SST k-ω turbulence 
model was adopted for the following validation process and the numerical 
investigation of conformal cooling channels in Chapter 4 and Chapter 5. 
 
27 
 
 
Figure 3.4: Temperature distribution at nine measuring points with different 
mass flow rates: (a) 0.124 kg/s, (b) 0.225 kg/s  (Exp refers to [21]) 
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As illustrated in Fig. 3.5, the temperature first increases in the axial 
direction due to the heat source at the heating section, then drops because of 
the absence of a heat source and the heat loss through the extension and lock 
areas at the end of the pipe. In the radial direction, the temperature on the 
block surface is higher than that in the solid material, which is higher than 
the temperature of the coolant. This is in good qualitative agreement with the 
experimental data plotted in Fig. 3.4. It can also be observed that there is 
heat dissipated to the extension and lock areas at both inlet and outlet ends 
of the pipe, especially at the outlet end. Even though the heat transfer 
mechanism in these areas would be complex, they do not have a significant 
impact on the cooling at the heating section. Therefore, the following 
analyses will only be focused on the heating section. 
 
Figure 3.5: Temperature distribution on central plane using SST k-ω model 
Next, the influence of the inlet flow condition is investigated. If the 
fully developed velocity inlet is applied, the flow will be in the hydrodynamic 
developed region at the beginning of the channel. If the uniform velocity inlet 
(or mass flow inlet) is used, then the flow will evolve to fully developed 
through a transitional region which is called the hydrodynamic entrance 
region. For turbulent flow, the length of this entrance region 𝐿𝑒  can be 
estimated by the following empirical equation [31]: 
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𝐿𝑒 = 4.4(𝑅𝑒)
1
6𝐷 (3.5) 
where Re is the Reynolds number and D is the channel diameter. 
Using Eqn. (3.5), the hydrodynamic entrance length is approximately 
22.5D for the mass flow rate of 0.124 kg/s, and 25D for the mass flow rate of 
0.225 kg/s. In Hu’s experiments [21], the test pipe was connected to a pump 
which provides the turbulent flow through a tube, therefore, the flow 
condition at the inlet of the pipe is unknown. However, the combined length 
of the tube connected with the inlet and the length of extension and contact 
sections at the inlet is greater than 25D. Therefore, the majority of the 
channel at the heating section should be within the hydrodynamic developed 
region for both mass flow rates. 
Figure 3.6 shows the velocity profiles across the channel cross-sections 
at measuring points 3, 6 and 9. These velocity profiles from the simulations 
with the two different inlet flow conditions show only a very small difference. 
The largest velocity difference at the centre of the measuring points 3 cross-
section is found to be 1.2% for the mass flow rate of 0.124 kg/s. At the cross-
section at measuring point 9, where the flow should be fully developed for 
both inlet flow types, the velocity at the centre of the channel still has 0.6% 
difference, which is primarily due to the existence of the heat source and the 
temperature dependent density of water. 
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Figure 3.6: Cross-sectional velocity profiles at three measuring positions   
(𝑉𝑖 is the streamwise velocity in the pipe and 𝑉𝑖𝑛 is the inlet velocity) 
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Figure 3.7 shows the temperature profiles across the pipe at the three 
measuring point cross-sections to further reveal the difference between the 
two inlet flow conditions and the mass flow rates on the heat transfer 
performance. As seen from Fig. 3.7, the cross-sectional temperature 
distributions at measuring points 3, 6 and 9 for the two inlet boundary 
conditions are nearly identical, with the largest difference being only 0.6%. 
The reason for the small difference in the temperature profiles of the two 
inlet flow conditions can be explained by considering Fig. 3.8, which shows 
the heat transfer coefficient along the channel wall within the heating section. 
The same trend appears for both mass flow rates and both inlet flow 
conditions. The heat transfer coefficient increases rapidly over the first 5D of 
the heating section as the coolant enters the heat source region, then grows 
slowly until the last 5D, after which it decreases due to the heat loss to the 
contact and extension areas near the end of the pipe. 
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Figure 3.7: Cross-sectional temperature profiles at three measuring 
positions 
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Figure 3.8: Heat transfer coefficient along the channel wall in the heating 
section 
The largest difference in heat transfer coefficient due to the two 
different inlet flow conditions is observed at the beginning of the heating 
section, especially for the high mass flow rate case, but the difference 
becomes negligibly small towards the end of the heating section. However, 
the largest difference in heat transfer coefficient is just 2.7% for the mass 
flow rate of 0.225 kg/s. Therefore, whether the flow entering the system is 
hydrodynamically developed or not, both inlet flow conditions show similar 
results. Thus, either of the inlet flow condition can be adopted, the selection 
should be base on the interest of the specific study. 
Based on the aforementioned analysis, it can be concluded that the 
type of inlet flow conditions has minimum influence on prediction of the heat 
transfer performance of internal cooling applications. The validity of the SST 
k-ω turbulence model on simulating internal cooling applications has been 
confirmed by comparing numerical results and experimental data reported by 
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Hu et al. [21] and Ying et al. [23]. Combined with its capability to resolve 
turbulent flow with adverse pressure gradients and flow separations, as 
expected for the turbulent flow in complex conformal cooling channels, the 
SST k-ω model can be used for simulating conformal cooling channels 
applications in plastic injection mold and will be used in the following studies. 
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Chapter 4  
Comparison between a Conventional 
and a Conformal Cooling System 
Under actual production circumstances, the determination of the 
cooling time of a single injection molding cycle is mainly based on the 
dimensional specifications of the plastic part being molded and is usually 
measured by try-and-error methods. Because the cooling time is a complex 
function of product material properties, mold material properties, cooling 
system design, the dimensional specifications of the molded part and 
operational conditions that varies between molders [4], the cooling time of 
one specific injection molding process is difficult to be precisely predicted 
before it is used in the production. However, the relative cooling performance 
of different cooling system designs can be compared with the benefit offered 
by numerical simulations. 
A typical injection mold consists of at least two mold inserts, namely 
the core-insert and the cavity-insert (also known as the male-insert and the 
female-insert, respectively). These two mold-inserts form a cavity which has 
the shape identical to the desired molded plastic part. In this study, the core-
insert and its cooling system are of interest to demonstrate the potential of 
conformal cooling channels on improving the cooling performance because the 
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core-insert is where most of the challenges are encountered by mold designers 
when designing the cooling system of injection molds. This chapter presents a 
comparison between the cooling performance of the conventional cooling 
system and the conformal cooling system which are designed specifically for 
the same core-insert that was used to produce the plastic fog lamp shown in 
Fig. 1.3. These two cooling system designs were provided by the industrial 
collaborator of this project - Proper Group International. The conventional 
cooling system is the design which is used traditionally in plastic injection 
mold production, whereas the conformal cooling system is a conceptual model. 
The CAD model of the core-insert with all the features is shown in Fig. 4.1. 
For simplicity, some detailed features such as ribs on the working surface 
and the fixing mount of the fog lamp are removed because the performance of 
the cooling system will not be reflected on these features. Additionally, the 
mesh cell count is reduced significantly by removing these small features, 
thereby reducing the computational cost. The other systems in the core-insert, 
other than the cooling system, such as the ejection system and the sprue-
runner-gate system, have been removed as well to reduce the computational 
complexity and cost. The potential improvements to cooling performance by 
utilizing conformal cooling channels and the potential issues are 
demonstrated in this chapter. 
 
Figure 4.1: CAD model of the core-insert with all the features 
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4.1 Numerical Model Setup 
4.1.1 Geometric Setup 
Figure 4.2 shows the working surface and the conventional cooling 
system of the core-insert. The conventional cooling system is manufactured 
by gun-drilling and routed by cooling baffles and plugs. The cooling baffles 
are cooling channel components which consist of a drilled hole perpendicular 
to a main cooling line and a thin plate separating the drilled hole into two 
semicircular channels. The plate directs the coolant to flow up in one side and 
into the core region, and down in the other side and out of the core region. 
There are other benefits of using baffles in the cooling system. By changing 
the direction of the coolant flow in cooling channels, the baffle creates 
turbulence around the U-shape bend at its top and thereby increases the heat 
transfer coefficient. However, it also increases the pressure loss around these 
bends within the cooling system, which increases the pumping power  
requirement [32].   
 
Figure 4.2: The conventional cooling system and the working surface of the 
core-insert 
The conformal cooling system design tested in this study and the 
working surface of the core-insert is depicted in Fig. 4.3. This insert was 
Working surface 
Baffles 
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manufactured by metal 3D printing. Three cooling channels are placed in 
parallel configuration and the total inlet mass flow rate is equally divided 
into three by a manifold (not shown in the figure). The flow in the manifold is 
not considered in this study. 
 
Figure 4.3: The conformal cooling system and the working surface of the core-
insert 
4.1.2 Computational Domain 
Taking the core-insert with conventional cooling system as an example, 
the computational domain of the simulation is depicted in Fig. 4.4. The 
computational domain for the simulations with the conformal cooling system 
is similar, only the channel geometry is changed. Both consist of a solid 
region and a fluid region. The solid region is used to apply the heat source, 
which resulted from the contact with the injected melt polymer on the 
working surface and to model the conductive heat transfer in the solid mold 
body. The fluid region takes the turbulent coolant flow and convective heat 
transfer into account and the SST k-ω turbulence model is used to simulate 
the flow.  An interface is created at any contact surface between the solid and 
fluid regions to render the data transmission between these two regions.  
Working surface 
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Figure 4.4: Computational domain and boundary conditions of the core- 
insert with conventional cooling system 
4.1.3 Boundary Conditions 
Solid Region: 
For boundary conditions of the solid region, we first consider the 
heating surface. The heating surface refers to the working surface of the 
injection mold, which has the form of the molded plastic part and is in direct 
contact with the injected melt polymer and absorbs the heat from it until the 
melt polymer is solidified and ejected. The cyclic molding process results in a 
cyclic behaviour in the mold temperature. However, since this study focuses 
on the overall cooling performance of the cooling system over production runs, 
the cycle averaged heat flux is used as the boundary condition of the heating 
surface, specified as: 
?̇?ℎ𝑒𝑎𝑡𝑖𝑛𝑔 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 = 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡 (4.1) 
The cycle averaged heat flux ?̇?ℎ𝑒𝑎𝑡𝑖𝑛𝑔 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 is calculated based on the 
following process. First, the cooling time is estimated by using the following  
analytical equation [4]: 
𝑡𝑐 =
𝑠2
𝜋2 ∙ 𝛼
𝑙𝑛 (
4
𝜋
𝑇𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛 − 𝑇𝑚𝑜𝑙𝑑
𝑇𝑒𝑗𝑒𝑐𝑡𝑖𝑜𝑛 − 𝑇𝑚𝑜𝑙𝑑
) (4.2) 
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where 𝑇𝑚𝑜𝑙𝑑 can be changed based on the design of the cooling system and the 
operational condition of the mold and the nominal wall thickness (s) is taken 
as 3 mm based on the geometry of the molded plastic fog lamp. Equation (4.2) 
is commonly used in the injection mold industry at the early stage of the 
design. The thermal diffusivity (α) is taken as 1.664 × 10−7. According to the 
production parameters provided by Proper Group International Inc., injection 
temperature (𝑇𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛) is 282 ℃, ejection temperature (𝑇𝑒𝑗𝑒𝑐𝑡𝑖𝑜𝑛 ) is 129 ℃, 
suggested average mold temperature (𝑇𝑚𝑜𝑙𝑑) is 104 ℃. The estimated cooling 
time, calculated from Eqn. (4.2), is 𝑡𝑐 = 12.1 𝑠. 
To maintain a higher production performance, most of the heat should 
be removed by the cooling system, and only a small portion of the heat is 
conducted across the mold body and dissipated through the natural 
convection on the external surfaces of the mold. For simplicity, it is assumed 
that all the heat is removed by the cooling system in this study. Therefore, 
the total energy that needs to be removed is calculated by the following 
equation: 
𝑄𝑝𝑙𝑎𝑠𝑡𝑖𝑐 = 𝑚𝑝𝑙𝑎𝑠𝑡𝑖𝑐 ∙ 𝐶𝑝,𝑝𝑙𝑎𝑠𝑡𝑖𝑐 ∙ (𝑇𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛 − 𝑇𝑒𝑗𝑒𝑐𝑡𝑖𝑜𝑛)
                              = (𝐴 ∙ 𝑠 ∙ 𝜌𝑝𝑙𝑎𝑠𝑡𝑖𝑐) ∙ 𝐶𝑝,𝑝𝑙𝑎𝑠𝑡𝑖𝑐 ∙ (𝑇𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛 − 𝑇𝑒𝑗𝑒𝑐𝑡𝑖𝑜𝑛) (4.3)
 
Given the total amount of heat that needs to be removed by the cooling 
system and the estimated cooling time, ?̇?ℎ𝑒𝑎𝑡𝑖𝑛𝑔 𝑠𝑢𝑟𝑓𝑎𝑐𝑒  can be calculated by 
using Eqn. (4.4) to Eqn. (4.6). Equation (4.5) is based on the assumption that 
the cooling system for both core and cavity inserts are well designed and 
balanced, which means they evenly removes the same amount of heat at the 
same rate.  
?̇?𝑐𝑜𝑜𝑙𝑖𝑛𝑔 =
𝑄𝑝𝑙𝑎𝑠𝑡𝑖𝑐
𝑡𝑐
(4.4) 
?̇?𝑐𝑜𝑜𝑙𝑖𝑛𝑔,𝑐𝑜𝑟𝑒 𝑖𝑛𝑠𝑒𝑟𝑡 =
?̇?𝑐𝑜𝑜𝑙𝑖𝑛𝑔
2
(4.5) 
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?̇?h𝑒𝑎𝑡𝑖𝑛𝑔 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 =
?̇?𝑐𝑜𝑜𝑙𝑖𝑛𝑔,𝑐𝑜𝑟𝑒 𝑖𝑛𝑠𝑒𝑟𝑡
𝐴
(4.6) 
The rest of the external surface of the solid region are taken to be 
adiabatic, assuming that there is no energy transfer across these boundaries 
[29], i.e., 
?̇?𝑤 = 0 , 𝑇𝑤 = 𝑐𝑜𝑚𝑝𝑢𝑡𝑒𝑑 (4.7) 
Fluid Region: 
Velocity inlet is used as the inlet boundary condition for the fluid 
region. Based on the analyses in Chapter 3, it is known that the inlet flow 
condition has minimum influence over the cooling performance of the entire 
cooling system. Considering both cooling system designs tested in this study, 
the effective cooling channel length is much longer than the hydrodynamic 
length of the inlet flow. Therefore, uniform velocity inlet is used for simplicity, 
specified as: 
𝑉𝑖𝑛 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 (4.8) 
Ten mass flow rates are tested for both the conventional cooling system 
and the conformal cooling system. For the conformal cooling system, a 
parallel configuration is adopted in which three cooling channels are used. 
The corresponding Reynolds numbers of these ten mass flow rates, when 
applied on the conventional and conformal cooling systems, are shown in 
Table 4.1. Turbulence is desired for cooling purposes since it facilitates the 
mixing process and increases the heat transfer coefficient. The coolant flow 
rates tested in this study are selected based on the Reynolds number ranging 
from 4000 to 22000. To ensure that the conventional and the conformal 
cooling systems are compared under the same condition, and since the 
conformal cooling system has three channels, the inlet mass flow rate for 
conformal system is equally divided into three for each cooling channel. 
Therefore, the Reynolds number for the conformal cooling system is lower. 
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Table 4.1: Relationship between mass flow rates and Reynolds number for the 
conventional and the conformal cooling systems 
Mass flow rate 
(kg/s) 
0.031 0.047 0.062 0.078 0.093 0.109 0.124 0.140 0.155 0.171 
Re 
Conventional 4000 6000 8000 10000 12000 14000 16000 18000 20000 22000 
Conformal 
 (1 channel) 
2114 3171 4229 5286 6343 7400 8457 9514 10571 11629 
 
Flow split outlet is selected as the outlet boundary condition of the 
coolant flow, where the split ratio is set to 1, which is specified as: 
?̇?𝑜𝑢𝑡 = ?̇?𝑖𝑛 (4.9) 
The no slip condition is assigned at the channel wall, i.e., 
𝑢𝑤 = 0 (4.10) 
4.1.4 Physical Properties 
Due to the different manufacturing methods used to fabricate the mold 
inserts, different materials are used for the conventional and conformal 
cooling system; therefore, the thermal properties are different. However, 
because this study focuses on the influence of cooling channel designs on the 
cooling performance, the same material is used in all simulations. The 
thermal properties of the maraging steel (standard P20 mold steel equivalent) 
which is used to fabricate the mold for the conformal cooling channels are 
used, as listed in Table 4.2 [4]. 
Table 4.2: Thermal properties of standard P20 mold steel 
Material parameter Symbol Value Unit 
Density 𝜌𝑃20 7820 𝑘𝑔/𝑚
3 
Thermal conductivity 𝑘𝑃20 32 𝑊/(𝑚 ∙ 𝐾) 
Specific heat 𝐶𝑝,𝑃20 500 𝐽/(𝑘𝑔 ∙ 𝐾) 
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4.1.5 Mesh 
4.1.5.1 Meshing Methods 
A polyhedral mesh is used to discretize both the solid and fluid regions. 
Data transmission through the solid-fluid interface is of importance for 
simulating conjugate heat transfer, and a polyhedral mesh can be 
constructed with a contiguous mesh at the interface with complex geometries, 
which provides more accurate data transfer through these interfaces than a 
non-contiguous mesh. Prism layers are also constructed on the cooling 
channel walls inside the fluid region to resolve the boundary layer of the 
coolant flow since it is crucial for simulating the turbulent flow and the 
convective heat transfer in the channel. Taking the mesh for the core-insert 
with conventional cooling channel as an example, Fig. 4.5 shows the 
polyhedral mesh at the middle cross-sectional plane perpendicular to the 
inlet flow direction. As one can tell from the zoom-in view in the inset of Fig. 
4.5, the cells at the interface between the solid and fluid regions are well 
connected. The target mesh sizes of both solid and fluid regions have also 
been selected in the way that the mesh in the solid region close to the cooling 
channel and the mesh inside the cooling channel are finer than that close to 
the external solid walls, since the finer mesh is required to accurately capture 
the higher temperature gradient in these areas and to resolve the turbulent 
coolant flow. Important meshing parameters are shown in Table 4.3 and are 
used in the mesh independence study discussed in next section to ensure the 
numerical results are independent on the mesh. 
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Figure 4.5: Illustration of the polyhedral mesh on the middle cross-sectional 
plane which is perpendicular to the inlet flow direction 
Table 4.3: Important meshing parameters 
Base size 1 mm 
Target mesh size of solid region 400% of base size 
Target mesh size of fluid region 75% of base size 
Prism layer thickness 10% of channel diameter 
Number of prism layers 9 
 
4.1.5.2 Mesh Independence Study 
A mesh independence study has been conducted to ensure the 
numerical results are independent of the mesh resolution. The conventional 
cooling system with inlet flow rate of 0.171 kg/s is selected to conduct the 
mesh independence study since it has the highest Reynolds number and the 
numerical results are the most sensitive to the mesh resolution. The physical 
parameters which are important when evaluating the cooling performance, 
such as maximum, minimum and average temperatures on the heating 
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surface, coolant outlet temperature and pressure drop in the cooling channel 
are used to determine the influence of the meshing parameters on the 
numerical results.  
First, considering the meshing parameters shown in Table 4.3, base 
cell sizes of 1.5 mm and 0.5 mm are used to determine if the base cell size of 1 
mm is sufficient to ensure mesh independency. It is found that, among all the 
considered physical parameters, the minimum temperature on the heating 
surface shows the largest difference when changing the base cell size. 
Therefore, it is used to evaluate the mesh quality. The results are shown in 
Table 4.4. Changing from base cell size of 1 mm to 0.5 mm, the difference in 
the minimum temperature is within the tolerable range for a numerical 
prediction of the cooling performance. Thereafter, 1 mm is used as the base 
mesh size. 
Table 4.4: Results of the testing with base cell size 
Base cell size (mm) 1.5 1 0.5 
Min. temperature (℃) 46.58 45.27 44.18 
% difference 2.8 2.4 
 
The computational domains in this study are complex; therefore, more 
meshing parameters are tested to check if there is any potential on saving 
computational time, while maintain the mesh independency. The target mesh 
size for the solid region, the target mesh size for the fluid region, the prism 
layer thickness and the number of prism layers are tested next. The results 
are shown in Table 4.5. It is found that the minimum temperature on the 
heating surface always shows the largest difference when changing the value 
of these meshing parameters. However, all these four meshing parameters 
have very little influence on the numerical results compared with base cell 
size. To maintain a safety margin for the mesh quality, the middle values 
among all tested meshing parameters are used. 
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Table 4.5: Results of the testing of four sub meshing parameters 
Target mesh size for solid region 
% of base cell size 500 400 300 
Min. temperature 44.86 45.37 45.05 
% difference 1.2 0.7 
Target mesh size for fluid region 
% of base cell size 100 75 50 
Min. Temperature 45.37 45.20 45.10 
% difference 0.4 0.2 
Prism layer thickness 
% of channel diameter 15 10 5 
Min. temperature 45.37 45.20 45.10 
% difference 0.17 0.04 
Number of prism layer 
 12 9 6 
Min. Temperature 45.20 45.27 44.89 
% difference 0.16 0.8 
4.2 Results and Analyses 
Figure 4.6 shows the temperature distribution on the heating surfaces 
for both the conventional and conformal cooling cases with total mass flow 
rates of 0.031, 0.078, 0.124 and 0.171 kg/s. As one can observe, for all cases 
shown in Fig. 4.6, the hot spots are located at the same section of the fog 
lamp, along the top edges. These areas are farther from the cooling channels 
than other areas in the both conventional and conformal cooling cases as 
depicted in Fig. 4.9. However, for the same total mass flow rate, the 
conformal cooling system results in lower temperature everywhere on the 
heating surface than the conventional cooling system. 
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Figure 4.6: Temperature distribution on heating surfaces of core-inserts with 
conventional and conformal cooling channels with mass flow rates of 0.031 
kg/s, 0.078 kg/s, 0.124 kg/s and 0.171 kg/s 
(a) Conventional 
?̇? = 0.031 kg/s 
(b) Conventional 
?̇? = 0.078 kg/s 
(c) Conventional 
?̇? = 0.124 kg/s 
(d) Conventional 
?̇? = 0.171 kg/s 
(e) Conformal 
?̇? = 0.031 kg/s 
(e) Conformal 
?̇? = 0.078 kg/s 
(e) Conformal 
?̇? = 0.124 kg/s 
(e) Conformal 
?̇? = 0.171 kg/s 
48 
 
 
Figure 4.7: Maximum temperature on the heating surface vs total inlet mass 
flow rates 
The most basic requirement for the ejection of the plastic part is that 
the temperature everywhere on the molded part has to drop below the DTUL 
(Deflection Temperature Under Load) of that specific plastic material. 
Therefore, the hot spots shown in Fig. 4.6 are the main issue that hinder the 
part from ejection. As shown in Fig. 4.7, the highest temperature on the 
working surface drops with the increase of inlet mass flow rate for both the 
conventional and the conformal cooling systems and they follow a similar 
trend. Clearly, the conformal cooling system provides a lower maximum 
temperature on the heating surface than the conventional cooling system for 
all mass flow rates. Therefore, in terms of maximum temperature on the 
heating surface, the conformal cooling system provides better cooling 
performance. 
In addition to the maximum temperature on the heating surface, 
temperature uniformity on the heating surface is another important 
parameter that has significant influence on the cooling time and the quality 
of the molded part. During the design of the injection mold cavity, a 
shrinkage rate is included to consider the shrinkage of the plastic part after it 
is ejected. If the temperature distribution on the heating surface during and 
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after the cooling stage is uniform, the dimension of the molded part can be 
better controlled. The temperature variation on the heating surface is used to 
demonstrate the temperature uniformity, the smaller the temperature 
difference the more uniform the temperature is on the heating surface. As 
shown Fig. 4.8, as the inlet mass flow rate increases, the temperature 
uniformity drops (temperature difference increases) for both the conventional 
and the conformal cooling systems. Especially, it decreases more rapidly for 
the conformal cooling system with low inlet mass flow rate. This can be 
explained by Fig. 4.9 which illustrates the temperature distribution in the 
middle cross-section and the relative distance between the heating surface 
and cooling channels. For the conformal cooling system, the bottom edge of 
the heating surface is closer to the cooling channels than that of the 
conventional cooling system, but the top heating surface has similar distance 
to the cooling system with that of the conventional cooling system. This 
proximity of the bottom edge of the heating surface to the cooling system 
results in a shorter conductive heat transfer path in the mold body and lower 
temperature for conformal cooling system.  
 
Figure 4.8: Temperature uniformity on the working surface for both 
conventional and conformal cooling systems 
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Figure 4.9: Temperature distribution in the middle cross-section of (a) 
conventional cooling system; (b) conformal cooling system 
The required pumping power is another concern in the injection 
molding industry. If a molder has to purchase temperature controllers with 
higher pumping power instead of using the ones they already have, that is 
going to be an extra expense. Thus, while pursuing a better cooling 
performance, a lower pressure drop within the cooling system is desired. 
Figure 4.10 demonstrates the change of pressure drop in the cooling system 
for both the conventional and the conformal cooling channels at various inlet 
mass flow rates. At the same inlet mass flow rate, the pressure drop in the 
conventional cooling system is higher than that in the conformal cooling 
system. This difference gets larger with the increase of inlet mass flow rate. 
This is due to the sharp bends associated with the cooling baffles and the 
conjunction of the cooling baffles and main cooling line. Hence, in terms of 
cooling power consumption, the conformal cooling system requires lower 
pumping power. Also, combined with the flexibility of placing the conformal 
cooling channel in a restricted area, which is available by the 3D metal 
printing technology, configurations with more channels are more likely to be 
achieved. This is another reason why conformal cooling channel can be 
operated with much lower power consumption. In terms of pressure drop, the 
(a) (b) 
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inlet mass flow rate can be selected by comparing the pressure drop with the 
supplier information of industrial temperature controllers. 
 
Figure 4.10: Pressure drop vs mass flow rates 
Given the steady state assumption, and based on the second law of 
thermodynamics, the coolant temperature increase between inlet and outlet 
should be the same for both the conventional and the conformal cooling 
systems at the same total inlet mass flow rate because the same cycle 
averaged heat flux is applied on the heating surface. This is depicted in Fig. 
4.11. According to Marques et al. [11], the coolant temperature increase from 
the inlet to the outlet should not be more than 3 ℃, otherwise it may result in 
higher mold temperature and uneven cooling performance between the 
heating surface area close to the inlet and areas close to the outlet. Thus, for 
the estimate cooling time, a mass flow rate higher than 0.093 kg/s is required 
to maintain the coolant temperature increase within 3 degrees.  
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Figure 4.11: Coolant temperature increase vs mass flow rates 
Figure 4.12 shows the heat transfer coefficients with ten inlet mass 
flow rates for both the conventional and the conformal cooling systems. The 
heat transfer coefficient is obtained by taking surface average over the entire 
surface of the conventional cooling system whereas the total of the three 
channel surface areas is considered in the conformal cooling system.  It is 
found that the heat transfer coefficient rises almost linearly with the increase 
of inlet mass flow rate for both cooling system designs. From Fig. 4.6 and the 
comparison between the maximum temperature on the heating surface for 
both cooling system designs, it is shown that the conformal cooling system 
can provide better cooling performance. However, it should be noted that the 
total surface area of the conformal cooling system is 1.5 times that of the 
conventional cooling system, so the heat flux through the interface between 
the solid and fluid is reduced. This is a probable reason why the heat transfer 
coefficient associate with the conformal cooling system is lower than that of 
the conventional cooling system at the same mass flow rate.  
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Figure 4.12: Heat transfer coefficient vs mass flow rates 
4.3 Summary 
In this chapter, the cooling performances of a conventional and a 
conformal cooling system are compared with ten mass flow rates. The 
assessment of the cooling performance is based on the maximum temperature 
and the temperature distribution on the heating surface and the pressure 
drop in the cooling system. It can be concluded that, with the same total inlet 
mass flow rate, the conformal cooling system provides better cooling 
performance while not consuming more pumping power than the 
conventional cooling system. It can also be noted that, considering the 
temperature uniformity on the heating surface, there is still room for the 
improvement for the design of the given conformal cooling system. 
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Chapter 5  
Parametric Study 
Applied to the evaluation of cooling performances of injection mold 
cooling systems, the significance and potential of CFD analysis reside not 
only in the comparison of cooling performances between different cooling 
system designs, but also in the ability to perform a comprehensive study to 
evaluate the significance of various cooling channel design parameters. CFD 
is a numerical tool which allows the researchers and mold designers to assess 
the influence of various geometrical design parameters on the cooling 
performance, without the need to construct test mold-inserts for experiments, 
thereby significantly reducing the cost of injection molds in the design stage. 
By using 3D printing technologies to fabricate mold inserts, cooling 
systems with any shapes and configurations can be integrated into the mold 
insert. However, to produce general design suggestions and guidelines, 
cooling systems which consist of U-shape bends are of interest in this 
parametric study. A set of simplified CAD models, which have the 
characteristics of the core-inserts with deep concave geometries, is generated 
and geometrically characterized by utilizing CATIA v5 package. In this 
parametric study, three geometrical design parameters are tested; namely, 
the number of cooling channels, channel depth from the heating surface (𝐻) 
and the curvature ratio of the 90° bends (𝛿). The outcomes of this parametric 
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study will provide guidelines and recommendations to the mold designers for 
their future injection mold cooling system designs. 
5.1 Design of the Parametric Study 
5.1.1 Test Mold-insert Design 
Figure 5.1 depicts an example of the structure and dimensions of the 
test mold-inserts used in this parametric study. The dimensions of these test 
mold-inserts are selected to be at the same level with the core-insert which is 
used to produce the fog lamp (Fig. 1.3). The upper portion of the test mold-
insert represents the actual working surface with deep concave geometries 
and the solid mold body surrounded by it. The lower portion is used to model 
the surfaces of the mold-insert that are in contact with the main mold-body. 
Different cooling system configurations are placed inside the heating area of 
this test mold-insert to examine the significance of various design parameters. 
 
Figure 5.1: Schematic of the mold-insert for the parametric study 
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5.1.2 Cooling System Design  
In the current parametric study, the influences of three geometrical 
design parameters are examined: the number of cooling channels, the depth 
of the cooling channel from the heating surfaces and the curvature ratios of 
the 90°  turns which form the U-shape bends. The cooling system design 
starts with the determination of the diameter of the channel (𝐷) which is 
calculated based on the situation for which only one cooling channel is used. 
For cases with two and three cooling channels, the same channel diameter is 
used for all the channels to keep consistency within this parametric study. In 
these cases, the total inlet mass flow rate is equally divided by two or three 
and assigned to each individual channel. 
The diameter of the cooling channel is determined by the following 
process. First, the required cooling power for the mold-insert is calculated 
based on Eqn. (4.2) through Eqn. (4.5). Instead of using the operational 
parameter values provided by Proper Group International in the comparison 
study (Chapter 4), representative values are chosen for the operational 
parameters to offer some generality in the current parametric study. The 
nominal wall thickness (s) is kept at 3 mm. The injection temperature 
( 𝑇𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛 ) equals 280 ℃ , which is the minimum melt temperature of 
polycarbonate (PC). The ejection temperature is taken equal to the DTUL 
(Deflection Temperature Under Load) of PC, which is 138 ℃, and the cycle 
averaged mold temperature is chosen as the maximum value in the suggested 
range for PC, which is 95 ℃ [4]. 
For purposes of estimating the inlet diameter, it is assumed that the 
coolant temperature increases from the inlet to the outlet of the cooling 
system by 10 degrees. The volumetric inlet flow rate that is needed to satisfy 
both the requirement of cooling power and the coolant temperature increase 
can be calculated based on the following equation: 
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?̇?𝑐𝑜𝑜𝑙𝑎𝑛𝑡 =
?̇?𝑐𝑜𝑜𝑙𝑖𝑛𝑔,𝑐𝑜𝑟𝑒 𝑖𝑛𝑠𝑒𝑟𝑡
𝜌𝑐𝑜𝑜𝑙𝑎𝑛𝑡 ∙ 𝐶𝑝,𝑐𝑜𝑜𝑙𝑎𝑛𝑡 ∙ ∆𝑇
(5.1) 
For injection mold cooling applications, turbulent flow with Reynolds 
number more than 10000 is desired to facilitate the heat transfer process. 
Thus, for a specified Reynolds number of 14000, the diameter of the cooling 
channel, which can be calculated based on Eqn. (5.2), is 6 𝑚𝑚.  
𝐷 =
4 ∙ 𝜌𝑐𝑜𝑜𝑙𝑎𝑛𝑡 ∙ ?̇?𝑐𝑜𝑜𝑙𝑎𝑛𝑡
𝜋 ∙ 𝜇𝑐𝑜𝑜𝑙𝑎𝑛𝑡 ∙ 𝑅𝑒
(5.2) 
After the cooling channel diameter is determined, the cooling channel 
depth from the heating surface (H) is considered. In general, it is desirable to 
place the cooling channel as close to the heating surface as possible since this 
will reduce the heat conduction distance within the mold material between 
the cooling system and the heating surface. However, to ensure the structural 
integrity of the mold body which is operated under high stress conditions, the 
minimum distance must be above some critical value. An acceptable range of 
the distance between the cooling channel and the heating surface has been 
suggested by Kazmer [4]: 
2𝐷 ≤ 𝐻 ≤ 5𝐷  
Therefore, cooling channel depths of 𝐻 = 2𝐷  and 5𝐷  are selected to 
construct the test mold-inserts for the parametric study.   
Lastly, the configuration of the U-shape bends is considered. All the U-
shape bends studied in this research consist of two 90°  turns. They are 
connected to each other either directly or by a section of straight cooling 
channel. Therefore, a curvature ratio 𝛿 is defined to demonstrate the level of 
tortuosity of the 90° turns which form the U-shape bends: 
𝛿 =
𝑅𝑐
𝐷
(5.3) 
where 𝑅𝑐 represents the radius of the 90° bends. 
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The cases tested in this parametric study are classified into three 
groups by the number of cooling channels. Detailed design parameters of 
cooling systems with one channel are shown in Table 5.1. Figure 5.2 
illustrates the schematics of four representative cases in this group. The 
curvature ratio of the second 90° bend is kept the same with the first 90° 
bend which is the closest to the inlet.  
Table 5.1: Design parameters for test cases with one cooling channel 
Channel depth (H) Case number 𝛿 
2𝐷 
1-1 1 
1-2 2 
1-3 3 
1-4 4 
1-5 5 
1-6 6 
1-7 7 
1-8 8 
1-9 9 
1-10 10 
5𝐷 
1-11 1 
1-12 2 
1-13 3 
1-14 4 
1-15 5 
1-16 6 
1-17 7 
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Figure 5.2: Schematics of test inserts with one cooling channel, 
(a) Case 1-1: 𝐻 = 2𝐷 𝑎𝑛𝑑 𝛿 = 1; (b) Case 1-10: 𝐻 = 2𝐷 𝑎𝑛𝑑 𝛿 = 10; 
(c) Case 1-11: 𝐻 = 5𝐷 𝑎𝑛𝑑 𝛿 = 1; (d) Case 1-17: 𝐻 = 5𝐷 𝑎𝑛𝑑 𝛿 = 7 
(a) (b) 
(c) (d) 
𝛿 = 1 𝛿 = 10 
𝛿 = 1 𝛿 = 7 
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It is known that curved channels enhance turbulence which will 
enhance the mixing and heat transfer process [31]. The sharper the bend, 
which corresponds to a lower curvature ratio, the stronger the effect. 
Therefore, for cases with two cooling channels, the curvature ratio of the first 
90° bend after the inlet is smaller than that of the second 90° bend after inlet. 
Additionally, due to the limited pitch distance between the inlet and outlet of 
each channel, the number of configurations for the U-shape bends is fewer for 
cases with two and three cooling channels. The tested U-shape bend 
configurations for cases with two and three channels are shown in Tables 5.2 
and 5.3, respectively. In these tables, 𝛿1 is the curvature ratio of the first 90° 
bend from the inlet, 𝛿2 is the curvature ratio of second 90° bend from the inlet 
and 𝛿3 represents the curvature ratio of the 90° bends of the centre cooling 
channel. Figure 5.3 and 5.4 show schematics of two representative test mold-
inserts for cases with two and three cooling channels. 
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Table 5.2: Design parameters for test cases with two cooling channels 
Channel depth (H) Case number 𝛿1 𝛿2 
2𝐷 
2-1 1 1 
2-2 1 2 
2-3 1 3 
2-4 1 4 
2-5 1 5 
2-6 2 2 
2-7 2 3 
2-8 2 4 
2-9 3 3 
5𝐷 
2-10 1 1 
2-11 1 2 
2-12 1 3 
2-13 2 2 
 
 
Figure 5.3: Schematic of test inserts with two cooling channels,  
(a) Case 2-1: 𝐻 = 2𝐷, 𝛿1 = 1 𝑎𝑛𝑑 𝛿2 = 1;  
(b) Case 2-10: 𝐻 = 5𝐷, 𝛿1 = 1 𝑎𝑛𝑑 𝛿2 = 1 
(a) (b) 
𝛿1 = 1 𝛿2 = 1 𝛿1 = 1 𝛿2 = 1 
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Table 5.3: Design parameters for test cases with three cooling channels 
Channel depth (H) Case number 𝛿1 𝛿2 𝛿3 
2𝐷 
3-1 1 1 1 
3-2 1 2 1 
3-3 1 3 1 
3-4 2 2 2 
5𝐷 3-5 1 1 1 
 
 
Figure 5.4: Schematic of testing models with three cooling channels,  
(a) Case 3-1: 𝐻 = 2𝐷, 𝛿1 = 1, 𝛿2 = 1 𝑎𝑛𝑑 𝛿3 = 1;  
(b) Case 3-5: 𝐻 = 5𝐷, 𝛿1 = 1, 𝛿2 = 1 𝑎𝑛𝑑 𝛿3 = 1 
  
(a) (b) 
𝛿2 = 1 𝛿1 = 1 𝛿3 = 1 𝛿3 = 1 𝛿1 = 1 𝛿2 = 1 
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5.2 Numerical Model Setup 
5.2.1 Computational Domain 
Similar to the comparison study, the computational domains for the 
parametric study also consist of two types of regions, the solid region and the 
fluid region. The solid region is used to apply the heat source on the heating 
surface and to model the conductive heat transfer in the solid mold body. The 
fluid regions are used to model the turbulent coolant flow and the convective 
heat transfer along the channels. Other than the inlets and outlets, all 
surfaces of the fluid regions are in contact with the solid region. 
5.2.2 Boundary Conditions 
The boundary conditions of the solid region are similar with those of 
the comparison study. Figure 5.5 shows the CAD model of the test mold-
insert, illustrating the boundary conditions of the solid region. The red 
surface in the figure is the heating surface and the cycle averaged heat flux is 
used as the boundary condition of this surface. The value of the cycle 
averaged heat flux is calculated by using Eqn. (4.3) to Eqn. (4.6). For 
simplicity, the surface with inverted T-shape, at which the inlet and outlet of 
coolant flow is located, is assumed to be adiabatic. The rest of the surfaces 
are treated as adiabatic as well. 
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Figure 5.5: CAD model of test mold-insert and some boundary conditions 
In terms of the hydraulic entrance length, the total length of each 
cooling channel of the parametric study is relatively short compared with 
those in the comparison study. Therefore, for the fluid regions of the 
parametric study, a fully developed inlet flow is used as the inlet boundary 
condition. The fully developed flow profiles are obtained from the simulations 
with a straight channel with the diameter (𝐷) of 6 𝑚𝑚 and the length of 10𝐷. 
A periodic boundary condition is used between the inlet and outlet of the 
channel to simulate an infinitely long cooling channel. The respective inlet 
mass flow rates of single/multiple cooling channels for the parametric study 
is used to drive the flow in the straight channel. After the simulations are 
converged, profiles of velocity, turbulence intensity and turbulence viscosity 
ratio data are extracted and mapped as the inlet boundary condition for the 
test cases of the parametric study. As in the comparison study, flow split 
outlet is used as the outlet boundary condition for the current study. 
Heating surface 
(red) 
Non-heating surface 
(grey) 
Rear surface 
(Non-heating surface) 
(inverted T-shape) 
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5.2.3 Physical Properties 
To keep consistency throughout this research, thermal properties of 
standard P20 mold steel, shown in Table 4.2, are used for the parametric 
study as well. Additionally, temperature dependent thermal properties of 
water, illustrated in Section 3.1.3, are used and programmed into the 
simulations. 
5.2.4 Mesh 
Since the geometry and Reynolds number (turbulence characteristics) 
are kept the same as in the comparison study of Chapter 3, the meshing 
parameters shown in Table 4.3, are used to mesh the computational domains 
for the parametric study simulations.  
5.3 Results and Analyses 
From the industrial point of view, the temperature and its distribution 
on the heating surface and the pressure drop within the cooling system are of 
vital importance when evaluating the performance of injection mold cooling 
systems. The former is directly related to the cooling time and quality of the 
molded parts while the latter determines the required pumping power. First, 
the influence of channel bend curvature ratio on the coolant flow patterns, 
temperature distribution inside the cooling channel and the heat transfer 
coefficient on the channel wall are analyzed using the advantage of CFD 
analysis to predict turbulent flows and the convective heat transfer. This can 
provide mold designers with a better understanding of the coolant flow 
patterns in channels with 90° bends or U-shape bends that are constructed 
with two 90°  bends, providing a more scientific and data-driven basis for 
their future designs. Then, the individual significance of the three tested 
geometrical design parameters on the temperature distribution on the 
heating surface is analyzed along with the pressure drop in the cooling 
systems.  
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5.3.1 Coolant Flow Analyses 
5.3.1.1 Dean Vortex 
Due to the centrifugal force that exists in the flow at a curved channel 
bend, the fluid in the centre of the channel tends to travel outwards of the 
bend. The fluid is then confined by the outer wall and recirculates inwards 
along the channel walls [33]. This phenomena introduces two large counter-
rotating vortical structures in the channel, denoted as Dean vortices [34], 
named after the researcher who first described such vortices analytically. A 
schematic of Dean vortices is shown in Fig. 5.6. The U-shape channel bends 
tested in this parametric study are either smooth 180° bends or made up of 
two 90°  bends which are connected by a short straight channel section. 
Therefore, the main flow development and the temperature distribution in 
the cooling channel are expected to be influenced by this secondary flow. The 
smooth 180° bends can also be considered as two 90° bends directly connected 
to each other. Between the two 90° bends that constitute the U-shape bends, 
the development of Dean vortices around the first 90° bend after the inlet is 
analyzed because the approaching flows for these 90°  bends are almost 
identical and hydraulically fully developed.  
 
Figure 5.6: Dean vortex (reprinted from Dean and Hurst 1927  [34]) 
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Figure 5.7 shows the secondary flow field in the channel cross-sections 
at 0°, 45° and 90° of the 90° bends of test case 1-1, 1-2, 1-5 and 1-10. Line 
convolution visualization method is used for its ability to capture the velocity 
distribution and centres of the Dean vortices. It is known that the Dean 
vortices oscillate around the horizontal centre plane of the channel when the 
flow is in the turbulent regime [35]. However, since only the mean flow and 
the cycle averaged cooling performance are of interest in this research, the 
oscillation is not considered. The stagnation points of the secondary flow are 
found to be located at the centre of the inner and outer side walls of the bend. 
It is found that with the curvature ratio increasing from 𝛿 = 2 to 𝛿 = 10, the 
flow patterns in these cross-sections remain consistent but the cross-flow 
velocity is reduced. Also, the centres of the Dean vortices in these cases are 
observed at similar locations. On the other hand, the flow pattern for 
channels with curvature ratio of 𝛿 = 1 is quite different from the others. The 
maximum cross-flow velocity is found after the 45° cross-section of the 90° 
bend and the centres of the Dean vortices in the 45° cross-section of the bend 
shift from inner bend side to the centre of the channel. 
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Figure 5.7: Secondary flow velocity at 0°, 45° and 90° of the 90° bend. Viewed 
from the streamwise direction (For all cross-sections, left-hand side is the 
inside of the bend. White dots in the figures represent the centre of the Dean 
vortices) 
 
𝛿
= 1 
0° 45° 90° 
𝛿
= 10 
𝛿
= 5 
𝛿
= 2 
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5.3.1.2 Main Flow Development 
In Fig. 5.8, the first 90° bend after the inlet of test cases 1-1, 1-2, and 
1-5 are presented to demonstrate the coolant velocity magnitude in the 
horizontal symmetry plane of the channel and the streamwise velocity in five 
selected channel cross-sections. These cross-sections are located at 0°, 45° and 
90° through the bend and at 2D and 5D after the bend in each case. The effect 
of the centrifugal force on the flow is evident as the high velocity fluid gets 
deflected outwards of the bend. The flow will not recover from this effect even 
at the end of the straight channel section for all the test cases and it will 
further influence the flow development in the second 90° bend after the inlet. 
Although one might expect that this effect lasts longer after the bend with a 
lower curvature ratio, the data shows that the opposite is true. This can be 
explained by the higher turbulent kinetic energy caused by the bend with 
lower curvature ratio (see Fig. 5.9), which subsequently enhances the mixing 
of the flow after the 90° bend.  
It is also observed that, only when the curvature ratio is 𝛿 = 1, there is 
a strong separation zone attached to the channel wall at the inner side of the 
bend. This agrees with Hufnagel’s report [35] which concluded that a strong 
curvature (𝛿 ≪ 1.67) leads to the flow separation in the bend which will 
influence the downstream flow development. Based on the above analysis of 
the secondary flow in the channel, the maximum cross-flow velocity occurs 
after the middle of the bend when the curvature ratio is 𝛿 = 1. This produces 
the strong separation zone near the end of the channel bend, since the flow 
here is mainly influenced by the cross-flow before the end of the bend. 
Additionally, this phenomenon enhances the mixing after the channel bend. 
It could also be used to explain why the effect of the curved channel bend 
diminishes faster after bends with curvature ratio of 𝛿 = 1. 
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Figure 5.8: Velocity magnitude and streamlines in the symmetry planes and 
streamwise velocities in selected cross-sections for case 1-1, 1-2 and 1-5 
Velocity magnitude (m/s) in the channel symmetry plane 
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Figure 5.9: Turbulent kinetic energy in the symmetry planes for case 1-1, 1-2 
and 1-5 
Figure 5.10 further confirms that the strong separation zone caused by 
the sharp bend not only occurs with high Reynolds number flow but also 
exists in test cases with the lowest curvature ratio in two and three channels, 
where the Reynolds number is decreased proportional to the number of 
channels. Therefore, in the following analyses, the difference between test 
cases with 90° bends which have curvature ratio of 𝛿 = 1 and other test cases 
is focused to reveal the influence of the curvature ratio of 90° bends on the 
flow patterns and temperature distribution in the channel. 
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Figure 5.10: Velocity magnitude and streamlines in the symmetry planes of 
test case (a) 1-1, (b) 2-1 and (c) 3-1 
The strong separation zone caused by the 90° bends with curvature 
ratio of  𝛿 = 1 results in a higher pressure drop in the cooling channel. This is 
depicted in Fig. 5.11. With curvature ratio of the 90° bend increasing from 
𝛿 = 1 to the maximum value that is possible based on the pitch distance 
between inlet and outlet of the channel, the pressure drop decreases 
dramatically between 𝛿 = 1 and 𝛿 = 2, then reduces slowly as the curvature 
ratio increases beyond 𝛿 = 2. The high pressure drop associated with sharp 
( 𝛿 = 1 ) 90°  bends will also accumulate in actual cooling systems when 
multiple 90° bends with curvature ratio of 𝛿 = 1 are used in series connection. 
Therefore, in terms of pumping power required by the injection mold cooling 
system, careful consideration should be taken when using cooling channels of 
90° bend with curvature ratio of 𝛿 = 1. It can be also noticed that, with 90° 
bends of the same curvature ratio, the pressure drop in the cooling systems 
with channel depth of 𝐻 = 5𝐷 is lower than those of 𝐻 = 2𝐷. This is because 
𝑈/𝑈𝑖𝑛 
(a) 1 channel 
    𝑅𝑒 = 14790 
(b) 2 channels 
    𝑅𝑒 = 7395 
(c) 3 channels 
    𝑅𝑒 = 4930 
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the total length of the cooling channel is shorter given the limited space when 
channel depth is 𝐻 = 5𝐷.   
 
Figure 5.11: Pressure drop vs curvature ratio in the channel of test cases with 
one cooling channel, (a) 𝐻 = 2𝐷, (b) 𝐻 = 5𝐷 
5.3.1.3 Temperature Distribution in the Channel 
Five channel cross-sections are selected to analyze the temperature 
distribution in the coolant flow for different curvature ratios. Their positions 
are illustrated in Fig. 5.12. Note that all the cross-sectional figures are 
viewed from the streamwise direction; hence, the adjacent heating surface is 
always located at the top and right-hand side of these cross-sections.  
 
Figure 5.12: Channel cross-sections used for the study of temperature 
distribution in the coolant flow and channel sections used for the study of 
heat transfer coefficient at the cooling channel wall 
(a) (b) 
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Cross-section 2 
Cross-section 5 
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Figures 5.13 and 5.14 show the temperature distribution in the five 
channel cross-sections which cover the entire U-shape bend. The temperature 
distribution at the cross-section 1 are identical for all the cases because the 
flow still has not entered the curved channel section and has received the 
same amount of heat from the heating surface. The temperature distributions 
in the rest of the channel cross-sections are affected by the curved channel 
bend. First, as discussed above, the high velocity fluid is deflected to the 
outer side of the bend due to the centrifugal force. This phenomenon leads to 
lower coolant temperature at the outer area of the bend by increasing the 
convective heat transfer. Due to the Dean vortices, colder fluid is pushed to 
the outer wall by the cross flow and extracts the heat from the side wall of 
the heating surface. The heated fluid is then returned to the inner side along 
the top and bottom walls of the channel. Because of low velocity at the inner 
wall where both recirculating flows meet, high temperature of the fluid is 
observed. 
The effects of the curved channel bends on the coolant flow pattern and 
the temperature distribution in the channel diminish in the straight channel-
section which connects the two 90° bends. This is depicted by channel cross-
sections with curvature ratio of 𝛿 = 1, 4 𝑎𝑛𝑑 7 in Fig. 5.12 and 𝛿 = 1 𝑎𝑛𝑑 4 in 
Fig. 5.13. The heat concentration area at the inner side of cross-section 3 is 
smaller than that of cross-section 2 for these cases. In contrast, the heat 
concentration area continues to grow through five channel cross-sections 
when the two 90° bends connect to each other directly to form the U-shape 
bend. (Case with 𝛿 = 10 in Fig. 5.13 and case with 𝛿 = 7 in Fig. 5.14)  
It can be concluded that the temperature distribution in the coolant 
flow is not only influenced by the curvature ratio of the 90° bends but also 
strongly influenced by the length of the straight channel-section which 
connects the two 90°  bends. The shorter the straight channel-section, the 
more consistent is the effect of Dean vortices on the temperature distribution 
in the coolant flow. 
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Figure 5.13: Temperature distribution in five channel cross-sections for cases 
with channel depth of 2𝐷 
1 
5 
4 
3 
2 
𝛿 = 1 𝛿 = 10 𝛿 = 7 𝛿 = 4 
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Figure 5.14: Temperature distribution in five channel cross-sections for cases 
with channel depth of 5𝐷 
1 
5 
4 
3 
2 
𝛿 = 1 𝛿 = 7 𝛿 = 4 
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5.3.1.4 Heat Transfer Coefficient 
Figure 5.15 shows the heat transfer coefficient at the channel wall of 
four consecutive channel-sections from test cases with one cooling channel. 
The definitions of these cooling channel sections are illustrated in Fig. 5.11. 
It is found that, for each test case, the heat transfer coefficients in the curved 
channel sections are higher than those in the straight sections and the 
channel-section 4 has higher heat transfer coefficient than the channel-
section 1. This can be explained by the higher turbulent kinetic energy which 
is further enhanced by the 90° bends and the secondary flow associated with 
90° bends, which also stimulate the mixing and heat transfer process. With 
the curvature ratio of the 90° bend increasing from 𝛿 = 2 to 𝛿 = 10, the heat 
transfer coefficients of channel sections 2, 3 and 4 all increase.  
For the case with 90° bends which have curvature ratio of 𝛿 = 1, the 
pattern of the heat transfer coefficient change in the four channel-sections 
does not fit the trend of the rest of the cases because the flow pattern is 
different. A strong separation zone exists at the inner wall of the 90° bend. 
With this strong separation zone, the effect of the deflection of fluid with 
higher velocity to the outer wall of the bend is stronger and the turbulent 
kinetic energy in and after the bend is higher as well. This phenomenon 
results in higher heat transfer coefficient at the 90° bends with curvature 
ratio of 𝛿 = 1. However, the heat transfer coefficient of the channel-section 3 
is relatively lower. This is due to the fact that, in the longer straight channel 
that connects the two 90° bends when the curvature ratio 𝛿 = 1, the effect of 
the curved bend on the flow recovers more compared to cases with curvature 
ratios larger than 𝛿 = 1. 
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Figure 5.15: Heat transfer coefficient at channel wall of four consecutive 
channel-sections (defined in Fig 5.11) from test cases with one cooling 
channel 
5.3.2 Cooling Performance Analyses 
Thus far, the influences of the curvature ratio of 90° bends and the 
cooling channel depth on the coolant flow development, the temperature 
distribution in the cooling channel and the heat transfer coefficient on the 
channel wall have been investigated. Since the current study is focused on 
the performance of injection mold cooling systems, the temperature 
distribution on the heating surface and the pressure drop within the cooling 
system are still the main concerns when evaluating the significance of design 
parameters. 
5.3.2.1 Maximum Temperature on the Heating Surface 
The most basic requirement for a part to be ejected from the mold is 
that the temperature on the molded part has reduced below the DTUL. 
Therefore, the maximum temperature on the heating surface is the main 
factor that influences the cooling time of an injection molding process. Figure 
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5.16 shows the temperatures on the heating surfaces of several 
representative test cases. Overall, the temperature on the heating surface in 
cases with channel depth of 𝐻 = 2𝐷 is lower than those in cases with channel 
depth of 𝐻 = 5𝐷 . In terms of the maximum temperature on the heating 
surface, smaller channel depth is desired. It can be also noticed that, when 
the second 90° bend has curvature ratio of 𝛿 = 1 and the same channel depth, 
the maximum temperature on the heating surfaces of cases with one, two and 
three channels are very close to each other. It can be concluded that the 
number of cooling channels has little influence on the maximum temperature 
on the heating surface. 
The influence of the curvature ratio of 90°  bends on the maximum 
temperature on the heating surface is studied by using cases with one cooling 
channel. By comparing (a) with (c) in Fig. 5.16, it is noticed that the hot spot 
changes position with different curvature ratios of 90° bends. This is also 
reflected in Fig. 5.17 (a). The maximum temperature increases very slowly 
with the curvature ratio when the curvature ratio is lower than 𝛿 = 5 because 
the hot spot located at the centre area of the top heating surface changes 
slowly with the increase of curvature ratio of 90° bends. When the channel 
depth is larger, such as shown in (b) and (d) in Fig. 5.16, there is no hot spot 
shift. The maximum temperature increases linearly with the curvature ratio 
of 90° bends, as shown in Fig. 5.17 (b). This is mainly because the distance 
between the curved corners of the heating surface and the channel wall of the 
90° bend increases as the curvature ratio gets higher.  
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Figure 5.16: Temperature distribution on the heating surface for cooling 
systems with different cooling channel depths and bend configurations (red 
circle represents location of the hot spot) 
(a) 1 channel 
𝐻 = 2𝐷,  𝛿 = 1 
(b) 1 channel 
𝐻 = 5𝐷,  𝛿 = 1 
(c) 1 channel 
𝐻 = 2𝐷,  𝛿 = 10 
(e) 2 channels 
𝐻 = 2𝐷,  𝛿1 = 𝛿2 = 1 
(g) 3 channels 
𝐻 = 2𝐷,  𝛿1 = 𝛿2 = 𝛿3 = 1 
(f) 2 channels 
𝐻 = 5𝐷,  𝛿1 = 𝛿2 = 1 
(h) 3 channels 
𝐻 = 5𝐷,  𝛿1 = 𝛿2 = 𝛿3 = 1 
(d) 1 channel 
𝐻 = 5𝐷,  𝛿 = 7 
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Figure 5.17: Maximum temperature and pressure drop vs. curvature ratio of 
the channel bend for the single channel cases, (a) 𝐻 = 2𝐷, (b) 𝐻 = 5𝐷 
5.3.2.2 Temperature Uniformity on the Heating Surface 
Other than the maximum temperature on the heating surface, the 
uniformity of the temperature distribution on the heating surface also has 
influence on the cooling time of an injection molding process and the quality 
of the molded part. Therefore, a uniformity index provided by Star-CCM+ [29]  
𝑇𝑢𝑛𝑖 = 1 −
∑ |𝑇𝑓 − 𝑇𝑎𝑣𝑒|𝐴𝑓𝑓
2|𝑇𝑎𝑣𝑒| ∑ 𝐴𝑓𝑓
(5.4) 
(a) 
(b) 
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is used to evaluate the influence of the three design parameters, in which 𝑇𝑓 
represents temperature on each surface mesh cell, 𝐴𝑓 is the surface area of 
that surface mesh cell and 𝑇𝑎𝑣𝑒 represents the average temperature on the 
entire heating surface. 
 
Figure 5.18: Temperature uniformity vs. curvature ratio of second 90° bend 
after the inlet of the cooling channel, (a) 𝐻 = 2𝐷, (b) 𝐻 = 5𝐷 
Figure 5.18 shows the temperature uniformity for all the test cases. It 
can be noted that the effect of the strong separation zone associated with 90° 
bends with curvature ratio of 𝛿 = 1  is insignificant on the temperature 
distribution on the heating surface. The temperature uniformity decreases 
(a) 
(b) 
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with the rise of the curvature ratio of the first 90° bend after the inlet but the 
extent of this influence is very small compare to the influence of the 
curvature ratio of the second 90° bend after the inlet. This can be explained 
by the arrangement of the coolant flow inlet and outlet shown in Figs. 5.2, 5.3 
and 5.4. The curvature ratio of the second 90° bend after the inlet has more 
influence on the temperature distribution on the heating surface because 
these 90° bends are closer to the corners of the heating surface where the hot 
spot generally occurs. In general, cases with channel depth of 𝐻 = 2𝐷 has 
better temperature uniformity on the heating surface than those with 
channel depth of 𝐻 = 5𝐷. When the channel depth is 𝐻 = 2𝐷, cases with two 
cooling channels provide the best temperature uniformity on the heating 
surface, while cases with one channel provide the best temperature when the 
channel depth is 𝐻 = 5𝐷. 
5.3.2.3 Pressure Drop in the Cooling System 
The pressure drop in the cooling system determines the required 
pumping power of the injection molding machines. It is part of the 
operational cost of the injection molding process. It is well known that bends 
in the channel generate greater pressure loss than if the channel were 
straight, especially if the bend is sharp [31]. Based on the previous analysis 
(Section 5.3.2.1), it is confirmed that there is higher pressure drop caused by 
the strong separation zone which only occurred in 90°  bends with strong 
curvature (curvature ratio of 𝛿 = 1  in this study). The test cases were 
designed by maintaining the same channel diameter and the total inlet mass 
flow rate for cooling systems with one, two and three channels. Therefore, the 
influence of the number of cooling channels on the pressure drop in the 
cooling system is studied in this section. 
According to the previous analyses, 90° bends with curvature ratio of 
𝛿 = 1 result in much higher pressure drop in the cooling system. Therefore, 
the pressure drop in the cooling systems with one, two and three channels, in 
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which all the channel bends are with curvature ratio of 𝛿 = 1, are used in the 
following study.  
To validate the simulation results, the pressure drop in a cooling 
channel can also be calculated from Eqns. (5.5) to (5.7) [31]:  
∆𝑝 = ∆𝑝𝑚𝑎𝑗𝑜𝑟 + ∆𝑝𝑚𝑖𝑛𝑜𝑟 (5.5) 
∆𝑝𝑚𝑎𝑗𝑜𝑟 = 𝑓
𝑙
𝐷
𝜌𝑉2
2
(5.6) 
∆𝑝𝑚𝑖𝑛𝑜𝑟 = 𝐾𝑙
𝜌𝑉2
2
(5.7) 
in which 𝑓 represents friction factor, whose value can be found based on the 
Moody chart [36]. 𝐾𝑙 represents the minor loss coefficient. The minor pressure 
loss coefficients related to 90°  channel bends are reported by White [37]. 
Details of the analytical calculation of the pressure drop in cooling channels 
are demonstrated in Table 5.4.  
Table 5.4: Details of the analytical calculation of the pressure drop in the cooling system 
Number of channels 𝑹𝒆 𝒇 𝒍 (mm) 
∆𝒑𝒎𝒂𝒋𝒐𝒓 
(kPa) 
𝑲𝒍 
∆𝒑𝒎𝒊𝒏𝒐𝒓 
(kPa) 
∆𝒑 
(kPa) 
1 14790 0.0279 566 6.35 0.23 0.56 6.47 
2 7395 0.0335 486 1.64 0.23 0.14 1.92 
3 4930 0.0375 470 0.79 0.23 0.06 0.91 
 
In Fig. 5.19, good agreement between the pressure drop values from 
numerical results and analytical calculations is observed. It is found that the 
pressure drop reduces significantly by increasing the number of cooling 
channels from 1 to 2; while the reduction of pressure drop is relatively small 
between channel numbers of 2 and 3.  
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Figure 5.19: Pressure drop of cooling systems with one, two and three 
channels 
In Fig. 5.17, among all the test cases with one cooling channel, the 
largest pressure drop difference between cases with different curvature ratios 
is 1.5 𝑘𝑃𝑎, which is very small compared to the pressure drop change caused 
by the increase of the number of cooling channels. This can be explained 
based on Table 5.4, which shows that the reduction of pressure drop by 
increasing the number of cooling channels is largely the results of the decline 
of the major pressure loss due to the decline of the Reynolds number in the 
cooling channel as the fixed mass flow rate is equally distributed by a 
manifold.  
5.4 Summary 
In this chapter, a parametric study is conducted to examine the 
significance of three geometrical design parameters. These design parameters 
are associated with conformal cooling channels consisting of U-shape bends. 
Also, given the advantages of the CFD analysis, the influence of the 
secondary flow (Dean vortices) on the coolant flow development and the 
temperature distribution in the cooling channel are analysed.  
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It is concluded that the curvature ratio of the bend impacts on the 
coolant flow development and the temperature distribution in the channel. 
Curvature ratios of bends which are close to the heating surface where the 
hot spots are located have a significant influence on the cooling performance 
due to its influence on the distance between the cooling channel and the 
heating surface. The same observation applies for the cooling channel depth 
from the heating surface. The influence of the number of cooling channels on 
the maximum temperature on the heating surface is very small compared to 
the other two design parameters. However, the number of cooling channels 
has the strongest impact on the pressure drop in the cooling system. 
  
87 
 
 
Chapter 6  
Conclusions and Future Work 
In this thesis, CFD simulations are used to compare the performances 
of conventional and conformal injection mold cooling system designs and to 
evaluate the influences of three geometrical design parameters on the cooling 
performance. These design parameters are related to conformal cooling 
systems which consist of U-shape channel bends. A summary of the work 
conducted, the key findings of the research and some recommendations for 
future work are presented in this chapter. 
6.1 Summary and Conclusions 
In Chapter 3, the numerical model used in this research is validated 
with experimental data. As part of the validation process, two turbulence 
models commonly used in industry, Realizable k-ε and SST k-ω, are adopted 
and compared. The influence of two different types of inlet boundary 
conditions, namely uniform velocity inlet and fully developed velocity inlet, 
on the numerical results has also been tested and discussed. It is concluded 
that: 
• Both Realizable k-ε and SST k-ω turbulence models have the 
capability to accurately simulate the conjugate heat transfer 
process in a straight pipe. 
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• Given the accuracy of the SST k-ω turbulence model and its 
capability to resolve the boundary layer in flows with adverse 
pressure gradients and recirculation due to flow separations at 
channel elbows, the SST k-ω turbulence model is more suitable 
for predicting the performance of injection mold cooling systems.  
• When the hydraulic entrance length is relatively short compared 
to the length of the entire cooling channel, uniform velocity inlet 
and fully developed velocity inlet produce similar results. 
Therefore, the selection of inlet flow conditions can be made 
based on the interest of the specific study. 
In Chapter 4, the cooling performances of two injection mold cooling 
system designs are compared along with ten total inlet mass flow rates. One 
design is the conventional cooling system which is manufactured by gun 
drilling and routed by cooling baffles and plugs; the other is the conformal 
cooling system which is fabricated by 3D printing. The advantages of using 
the conformal cooling system are discussed.  The key conclusions are: 
• With the same total inlet mass flow rate, the conformal cooling 
system provides lower temperature and more uniform 
temperature distribution on the heating surface than the 
conventional cooling system. Therefore, it can be concluded that 
the conformal cooling system has better cooling performance 
than the conventional cooling system. 
• In terms of the maximum temperature on the heating surface, 
the conformal cooling system improved the cooling performance 
by approximately 14%. 
• With the increase of total inlet mass flow rate, the pressure drop 
increases for both conventional and conformal cooling systems. 
However, the pressure drop increase is much smaller in the 
conformal cooling system than in the conventional cooling 
system. This indicates that the conformal cooling system 
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provides better cooling performance while not consuming more 
pumping power, especially when the total inlet mass flow rate is 
high. 
Mold-inserts with a conformal cooling system need to be fabricated by 
3D printing, resulting in higher cost than mold-inserts with conventional 
cooling systems at manufacturing stage. Thus, the desire to fully explore the 
potential of conformal cooling channels is the motivation behind this research. 
In Chapter 5, three geometrical design parameters which are related to 
conformal cooling systems with U-shape channel bends are evaluated by 
conducting a parametric study with a simplified CAD model. The following 
conclusions can be made from this investigation: 
• The curvature ratio of 90° bends which are close to the heating 
surface where the hot spots are located has significant influence 
on both the maximum temperature and the uniformity of the 
temperature distribution on the heating surface due to the 
shorter distance between the cooling channel and the heating 
surface.  
• The flow patterns and the temperature distribution in the 
cooling channel change significantly with changes in the 90° 
bend curvature ratio, but it does not have much effect on the 
heating surface. 
• The cooling channel depth from the heating surface has 
significant influence on the overall temperature on the heating 
surface since it determines the distance between the cooling 
channel and the heating surface.  
• The influence of the number of cooling channels on the 
maximum temperature on the heating surface is very small 
compared to the other two design parameters. However, the 
number of cooling channels has the strongest impact on the 
pressure drop in the cooling channel.  
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6.2 Potential Future Work 
In this study, the conformal cooling system consisting of U-shape 
channel bends is considered. For the future work, more configurations should 
be examined to construct a more complete set of guidelines for future 
injection mold cooling system designs. 
Operational parameters such as properties of various plastic materials, 
different inlet mass flow rates, different coolant inlet temperatures and 
different types of coolant can be studied. In such parametric studies, Nusselt 
number, which is the non-dimensional group used to demonstrate the ratio of 
convective to conductive heat transfer at a boundary in a fluid could be a good 
measure of the cooling performance. 
It is known that the channel walls of injection mold cooling systems 
will be eroded by the coolant flow over a period of time. Therefore, surface 
roughness can also be integrated into the comparison and/or parametric 
studies to reveal how the cooling performance changes after operating the 
injection mold tool for some time.  
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Figure 1.3: Plastic fog lamp cover 
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Figure 5.6: Dean vortex 
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